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HydroWIRES

The U.S. electricity system is changing rapidly with the lagge addition of vaable renewables, and

the flexible capabilities of hydropower (including pumped storage hydropower) make-ftosilbned

to aid in integrating these variable resources while supporting grid reliability and resilience. Recognizing
these challenges and apfunities, WPTO has launched a new initiative known as HydroWIRES: Water
Innovation for a Resilient Electricity System. HydroWIRES is principally focused on understanding and
supporting the changing role of hydropower in the evolving U.S. electricityray3through the

HydroWIRES initiative, WPTO seeks to understand and drive utilization of the full potential of
hydropower resources to contribute to electricity system reliability and resilience, now and into the future.

HydroWIRES is distinguished in itdose engagement with the DOE National Laboratories. Five
National Laboratories Argonne National Laboratory, Idaho National Laboratory, National Renewable
Energy Laboratory, Oak Ridge National Laboratory, and Pacific Northwest National Labdratorly

asa team to provide strategic insight and develop connections across the DOE portfolio that add
significant value to the HydroWIRES initiative.

HydroWIRES operates in conjunction with the Grid Modernization Initiative, which focuses on the
development of new architectural concepts, tools, and technologies that measure, analyze, predict, protect,
and control the grid of the future, and on enablivginstitutional conditions that allow for quicker

development and widespread adoption of these tools and technologies.
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Abstract

This reportdefines and evaluatesst and performance parametersigfbattery energy storage
technologies (BESS)ithium-ion batteriesleadacidbatteriesredox flow batteriessodium-sulfur
batteriessodium metal halide batterieendzinc-hybrid cathode batteripandfour nonBESS storage
technologiesfumped storage hydropowdliywheels compressed air energy stgea andultracapacitors
Data for combustion turbines are also preser@@edt information was procured for the most recent year
for which datavere available based on an extensive literature review, conversations with vendors and
stakeholders, and summaries ofual costs provided from specific projects at sites across the United
StatesDetailed cost and performance estimates were prestemt2d18 and projected out to 2025.



ExecuBummary

This reportwascompleted apart of theU.S.Department of Energys Wat er Power -Technol

funded projecentitledValuation Guidance and Techiiwonomic Studies for Pumped Storage
Hydropower. Theverarchingprojectis ongoingas of the datéhis report was publisheahdbeing
performedby a multilab team cosisting ofstaff fromfive national laboratorieshe Argonne National
Laboratory, Idaho National Laboratory, National Renewable Energy Laboratory, Oak Ridge National
Laboratory, and the Pacific Northwest National Laboratory.

The objective of this repors tocomparecosts angperformance parametersdifferent energy storage
technologiesFurthermore, drecasts of cost and performance parameters across each of these
technologiesiremade.This report compares the cost and performantkeofollowingenergy storage
technologies:

1 lithium-ion (Li-ion) batteries

9 leadacid batteries

9 redox flow batteries

9 sodum-sulfur batteries

9 sodium metal halide batteries

1 zinc-hybrid cathode batteries

1 pumped storage hydropower (PSH)

1 flywheels

9 compressed air energy storage (CAES)
1 ultracapacitors.

Cost and performanaatawere obtained from literature, conversations wethdrs, andresponsgefrom
vendors to questionnairdsstributed by the research teaBatteryoperationandmaintenance@&M)
costs were obtained fronralatively smaller number cfources anélept constant across all chemistries.
For flywheels, ultragaecitors, CAES and PSHyalueswere obtained from vendors.

Key assumptiongsed to goverthe analysisareas follows

9 Capital costs for all battery systems are presented for battery capital and managemesit system
(expressed in terms of $/kWhgalance oplant BOP) ($/kW), power conversion systa{PCS)
($/kW), and construction and commission{@&C) ($/kWh).

9 PCScostsare estimated to libe same across datterytechnologiegxceptLi-ion. For Li-ion
batteriesthe cost is assumed to be@frcentof other technologies due to its higher DC voltage
range A 25 percentdecrease in cosiver presentlay Li-ion PCS coskis assigned to year 2025 due
to the benefits atandardization and scalabilitgsulting fromincreased productiovolumes It is
assumd thatby 2025all other battery technologies wihtchup in terms of increasing the DC
operating voltage rangReasoning behind this assumption is based on fdm¢angaddressed across
the technologies. For exampflaw batteries have been efficiently addressing shunt curetatied
issuedo increase DC string voltag&imilarly, diumbased high temperature systems, with their
higher unit cell voltage compared tow battery cells, are well placed to scale up to higher DC
voltage levels in the coming yeafhe lower 2029°CScost is assignedniformly to all battery
chemistries

1 O&M costs (fixed and variableyere kepttonstantcross all battery storage technaésy

9 Outlierswere removed from cost ranges provided by the literature andrfaing reported values
were adjusted for inflatiori-rom the adjusted range, a single value estimate was estabiigheal.



establishing a single point estimate for each teldgy, additional weight was given to values
reported for systems winergy to power (E/RRptios closer to the baseline values used in this
report.Both theadjustedanges and theesultingpoint estimates for 2018 and 2025 are provided
TableES1 andTableES2. Rangs and values collected from the literature and industry experts are
detailedin each individual technology section.

9 Suitable multiples were used to forecast 2025 prices from 2018;aheanultiples rangdfrom 0.65
for Li-ion battery systems to 0.85 ftmadacidbattery systemd-orecast procedures are described in
the main body of this report.

9 C&C orengineering, procurement, and constructiBRQ costscan beestimated usinthefootprint
or total volume and weight of thmattery energy storage systdBESS. For this report, volumevas
used as a proxy for these metrics

9 For BOP and C&C costs, agercentreduction was assumed from 2018 valdes tolower planning,
design and permitting costachieved through learningith moreinstallations.

1 An energy to poweE/P ratio of4 hours was used for all battery technologies
9 An E/P ratio of 1&hourswas usedor PSH and CAE$echnologies.

1 For flywheels and ultracapacitors, the largest E/P ratio observed tis G228 hoursfor flywheels
and 45 seconds or 0.01B6ursfor ultracapacitord? These were the valuesedin the analysis.

Key findings include:

1 Today, br aBESS with an E/Patio of 4.Q Li-ion batteries offer the best option in terms of cost,
performance, calendandcycle life, and technoloigal maturity.

1 PSH and CAESat $165/kWh and $BkWh, respectively, give the lowest cost in $/kWh if an E/P
ratio of 16 is used inakive of BOP and C&C costBSH is a more mature technology with higher
rates of roundrip efficiency.

1 While thezinc-hybrid cathode technology offers great promise in terms of cost and life, its
technology readiness levadlRL) andmanufacturing readinesdevel MRL) arebothlow at this stage

9 Redox flow batteries appear to be wmdkitionedand rapid improvements are expectedverall
cost, performance, life, TRland MRL. While theRTE for these batterigs low, there is room for
improvement wittstack optimization and better flowattery management algorithms.

1 While leadacidbatteries are low cost with high TRAnd MRLs, their cycle life is limited, leading to
a usabldife of less tharB years assuming one cycle per day.

9 Sodium metal halide a@hsodium sulfur have similar cost and life charactiessandmetal halide
technology haa higher RTE. Whiléhe planar design fothesodium metal halide technologgy
expected to reduce cost, as isshbstitution of sodium with nickelincertainty asociated witlihese
innovationded the research team to not build them into2B25 forecast.

1 For PSH, CAESIilywheels, and ultracapacitors, 2025 capital costs were assumed to be the same as
those estimated for 2018hese are more matuiechnologieshence this study assumed the 2025
costs to be unchangdgurther,while technology innovation has potential to further reduce costs,

1 Aguino T,M Roling, C Baker,and LRowland, 2017aBattery Energy Storag€echnology AssessmeNipvember
29, 2017. Prepared for the Platte River Power authority by HDR, Omaha, Nebraska.

2 Maxwell. 2018afUltracapacitor Overview.Accessed on July 20, 2018 at
http://www.maxwell.com/products/ultracapacitors
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PSH and CAES involvlengrange developmenimelinesand, therefore, a substantial vetlon in
costs is unlikely to bexperiencedh arelativelyshort number of years.

Major findings from this analysis are presentedableES1 andTableES2. Values presented are for
2018, with 2025 predictiongresentedn brackets as availablEor thenon-BESS tableblank cells are
present due to a lack wiformation for specific cost elemeni®otal values for these technologas
however provided.For batteries,dtal $/kWh project cost is determined by the sum of capital cost, PCS,
BOP, and C&C where values measure@/kW are converted t&/kWh by multiplying by four (given

the assumed E/P ratio of foym)ior to summationTotal $/kW project cost is determined lviding the

total $/kWh cost by foufollowing the same assumptiofihe metrics $/kWh and $/kW refer to the total
energy and power captes of the technologies, respectively.
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Table ES.1. Summary ofcompiled2018findingsand 2025redictions forcostandparameterangesby technologytypei BESS®

Sodium-

Sodium Metal

Redox

Sulfur Battery Li-lon Battery Lead Acid Halide Zinc-Hybrid Cathode Flow Battery
Parameter 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025
Capital Cost Energy 4001,000; (300675) | 223323 | (156203) | 120291 | (102247) | 5201,000 | (364630) | 265265 | (179199) | 435952 | (326:643)
Capacity ($/kWh) 661 (465) 271 (189) 260 (220) 700 (482) 265 (192) 555 (393)
Power Conversion 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184-329)
System(PCS)($/kW) 350 | (211) | 288 | (211) | 350 | (211) | 350 | (211) | 350 | (211) | 380 | (211)
Balance of PlantBOP) 80120 | (75115) | 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115)
($/kW) 100 (95) 100 (95) 100 (95) 100 (95) 100 (95) 100 (95)
Construction and 121-145 | (115138) | 92-110 (87-105) | 160192 | (152182) | 105126 | (100-119) | 157-188 | (149179) | 173207 | (164-197)
Commissioing ($/kWh) 133 (127) 101 (96) 176 (167) 115 (110) 173 (164) 190 (180)
Total Project Cost 2,3945,170(1,9193,696] 1,5702,322} (1,23%1,676)| 1,4302,522} (1,2752,160)| 2,81065,094} (2,1153,440)| 1,9982,402} (1,5711,956)| 2,7425,226} (2,2193,804)
($/KW) 3,626 | (2,674) | 1,876 | (1,446) | 2,194 | (1,854) | 3,710 | (2,674) | 2,202 | (1,730) | 3,430 | (2,598)
Total Project Cost 5991,293 | (480924) | 393581 | (308419) | 358631 | (319540) | 7031,274 | (529860) | 500601 | (393489) | 686:1,307 | (555951)
($/kWh) 907 (669) 469 (362) 549 (464) 928 (669) 551 (433) 858 (650)
O&M Fixed ($/kKW-yr) 10 (8) 10 (8) 10 (8) 10 (8) 10 (8) 10 (8)
O&M Variable (centgkWh) 0.03 0.03 0.03 0.03 0.03 0.03
System Roundrip 0.75 0.86 0.72 0.83 0.72 0.675 (0.7)
Efficiency (RTE)
Annual RTE 0.34% 0.50% 5.40% 0.35% 1.50% 0.40%
Degradation Factor
Response Time (limited by 1 sec 1 sec 1 sec 1 sec 1 sec 1 sec
PCS)
Cycles at 80% Depth of 4,000 3,500 900 3,500 3,500 10,000
Discharge
Life (Years) 135 10 2.6 3) 125 10 15
IMRL 9 (20) 9 (10) 9 (10) 7 9 6 (8) 8 9)
TRL 8 (9 8 (9) 8 (9) 6 (8) 5 (7) 7 (8)

(@) An E/P ratio of 4 hours was used for battery technologhen calculating total costs.

IMRL = manufacturing readiness level; O&Moperations and maintenance; TRL = technology readiness level.
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Table ES2. Summary oftcompiled2018findingsand 2025redictions forcostandparameterangesy technologytypei non-BESS

c) E/P =0.012%

Parameter Pumped Storage Hydropowef?) Combustion Turbine CAES® Flywheel?  Ultracapacitor(©
Capital Cosi Energy Capacity ($/kW) 1,70063,200 6781,193 1,0562,544 600-2,400 240400
2,638 940 1,669 2,400 400
Power Conversion Syste(RCS)($/kW) Included in Capital Cost N/A N/A Included in 350 (211)
Capital Cost
Balance of PlantBOP) ($/kW) 100 (95)
Construction and Commissiiomy ($/kW) 4809 80
Total Project Cost ($/kW) 1,700-3,200 6781,193 1,0502,544 1,080-2,880 930(835)
2,6380 940 1,680 2,880
Total Project Cost ($/kWh) 106200 94-229 4,32011,520 | 74,480(66,640)
165 105 11,520
O&M Fixed ($/kW-yea) 15.9 13.0 16.7 5.6 1
O&M Variable (cents/kW¥) 0.00025 1.05 0.21 0.03 0.03
System Roundrip Efficiency (RTE) 0.80 0.328 0.52 0.86 0.92
Annual RTE Degradation Factor 0.14% 0.14%
Response Time FS AS _ Ternary From cold start: 3-10 min 0.25 sec 0.016 sec
Spinningin-air to full 10 min
P Iogd generatio 570s 60s 20-40s Sp|n ramp rate:
Sh“td‘;";grtaotigjr 75120s 90s 65905 8.33%/min
Spinnin ir?—airto full Quick start ramp rate
pinning o4l 50-80s 70s  2530s 22.2%/min
Shutdown to full loaq 160-360s 230s 80-85s
Fullload to full g, 5565 2805 25605
generatiof
Full generation 10 14 5405005 470s 254559
Cycles at 80% Depth of Discharge 15,000 Not Relevant 10,000 200,000 1 million
Life (Years) >25 20 25 >20 16
[MRL 9(10) 10 8(9) 8(9) 9
TRL 8(9) 9 7(8) 7(8) 8
a) E/lP=16h (d) 20 percent of capital cost
b) E/P =0.25h AS = adjustable speed; FS = fixed speed.







AC
Ah
BESS
BMS
BNEF
BOP
Btu
BTM
C&C
CAES
CAGR
CAPEX
CHP
CONE
CPUC
CT
DC
DoD
DOE
E&M
E/P
E3
EIA
EPA
EPC
EPRI
ESS
EV
FERC
FS
G&A
GLIDES
GW

h
HRSG
HVAC
ICC
IRP

Acronyms and Abbrevi

alternating current

amperehour

battery energy storage system

battery management system

Bloomberg New Energy Finance New Energy Outlook
balance of plant

British thermal unit

behindthemeter
constructiorandcommissioniig
compressed air energy storage
compound annual growth rate

capital expenditure

combined heat and power

cost of new entry

California Public Utility Commission
combustion turbine

direct current

depth of dischargandDepartment of Defense
U.S. Department of Energy
electrical and mechanical

energytoi power(ratio)

Energy and Environmental Economics
Energy Information Assaociation
U.S.Environmental Protection Agency
engineeringprocurementand construction
Electric Power Research Institute
energy storage system

electric vehicle

Federal Energy Regulatory Commission
fixed speed

general & administrative

Ground Level Integrated Distributed Energy Stera
gigawatt(s)

hour(s)

heatrecovery steam generator

heating, ventilation, and agonditioning
installed capacity cost

integrated resource planning
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kVA
kw
kWh
LFP
Li
LTO
LTSA
MRL
MW
MWh
NA
NHA
NMC
NPV
NREL
o&M
ocv
OE
OEM
OPEX
ORNL
PCS
PG&E
PNNL
PSH
PV
R&D
RTE

SENA
SOC
TRL
UET

VLA
VRLA
WECC

yr

kilovolt-ampere(s)

kilowatt

kilowatt-hour

lithium iron phosphate

lithium

lithium titanate oxide

long-term service agreement
manufacturing readiness level
megawatt

megawatthour

not applicable

National Hydropower Association
nickel manganese cobalt oxide
net present value

National Renewable Energy Laboratory
operationandmaintenance

open circuit voltage

Office of Electricity

original equipment manufacturer
operating expenditure

Oak Ridge National Laboratory
power conversion system

Paciic Gas & Electric

Pacific Northwest National Laboratory
pumped storage hydpower
photovoltaicsand present value
research and development
roundtrip efficiency

second(s)

Shell EnergyNorth America

State of Charge

techndogy readiness level
UniEnergy Technology

volt(s)

vented leaehcid

valveregulated leadcid

Western Electricity Coordinating Council
year(s)
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1.0 I ntroducti on

This report wagompleted as partofthe®&De par t ment ( D © EVifatepPowey 0 s
Technologies Officdunded project entitled Valuation Guidance and TeeBoonomic Studies fo
Pumped Storage Hydropoweys of the date this report was publish#ids work is ongoingandbeing
carried out by a teawomprised of staff frorfive national laboratori€s Argonne National Laboratory,
Idaho National Laboratory, National Renewable Endmgyoratory, Oak Ridge National Laboratory
(ORNL), and Pacific Northwest National LaboratgBNNL).

The objective of this reportare to define and compare energy stotaghnologycosts and to evaluate
these technologiexcross a variety of performanparameters. Furthermore, forecasts of cost and
performance parameters acrossheaf these technologies arade.Cost and performanagharacteristics
are presented fahe followingenergy storage technologies:

1 lithium-ion (Li-ion) batteries

9 leadacid bateries

9 redox flow batteries

9 sodiumsulfur batteries

9 sodium metal halide batteries

9 zinc-hybrid cathode batteries

1 pumped storage hydropower (PSH)

1 flywheels

9 compressed air energy storage (CAES)
1 ultracapacitors.

Cost informatiorwasprocured for thenost recent year for which data are availaBlecalation rates are
used where appropriate for technologies that have experiencegt@o#t anchave not been used for
technologies such &s-ion batterieghat havedecreasd incostover the last 10 years. The base year used
is 2018andprojections for 202%re providedAll costsare presenteth 2018dollars unless otherwise
noted.

The literature collected and analyzed to compile the technology comparisons within this repsts obns
a wide range of documeniBhese sources includacademic papersvebarticles and databases
conversatios with vendors and stakeholdesas)d summaries @fctual costprovided from specific
projects at siteacross thé&Jnited StatesFor PSH anather competing technologies, input was solicited
from various storage vendditwough a questionnaire detailing key parameters with regard to their
technology. Feedback collected from these vendlassthercompiled andummarizedThe input
guestionnais that wereused to collect current technology characteristics and specificatieimeluded

in AppendixA.
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20 Wor | dvEinkea gy Sheplagyement s by Tech

As of 2018, nearly 173 GW of energy storage had been deployed across thd albeld.1 outlines the
current total installed capacity in megawatts by technologywyptlwide up to 2018Information was
gathered from the DOEtorage Databag®OE 201&) and compiled by technology type. Note that some

of the records from the database are unverified and therefore the numbers below should be considered
approximate.

Table 2.1. Worldwide deployment bytechnologytype, 2018

Technology MW Deployed

Sodium sulfur 189
Lithium-ion 1,629
Lead acid 75
Sodium metal halide 19
Flow battery 72
PSH 169,557
CAES 407
Flywheels 931
Electrachemicalcapacitor 49
Total 172,928

PSH, being primarily a gridcale storage technology, has the largest amount of deployed megawatts at
nearly 170,000 MW (98 percent of worldwide energy storage deployed). PSH is followedbly Li

which has the largest quantigployedof all the electrohemical technologies at just over gi§awatts
(GW). Zinchybrid cathodes are not included in the list due to lack of data in the database.

Figure2.1 depicts the verwhelming quantity of PSH (98 percent) with regard to total megawatts
deployed internationallyrigure2.2 shows the same information but with PSH removedrier to show
the breakdown of all other technologies within the remaining 2 percent of capacity deployed

internationally. Within that subset,-ion storage composes roughly half of the energy storage deployed
internationally.

2.1



Total MW
Deployed:
172,928

Pumped
Storage Hydro
98%

Figure 2.1. Proportion ofmegawatts ofnternationallydeployedpumpedstoragehydro incomparison to
othertechnologies

Total MW
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= Sodium Sulfur Battery

= Lithium-ion Battery

= Lead Acid Battery
Sodium Metal Halide
Battery

= Flow Battery
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= Flywheels

= Electro-chemical
Capacitor

Figure 2.2. Breakdown oknergystoragedeployedinternationally bytechnologytype andexcluding
pumpedstoragehydro.

21 Examples of EnkPepglyoymemtage

This section briefly describesergy storage systea%9 projects currently deployediVhile storage
procurements started off on a kilowatt or megawatt basis, recent installations suggest increasing E/P
ratios, which may drive research and development (R&D) toward storage systems that have high specific
energies and energy densities (Aibp2018). In terms ofngineering, procurement, and construction

costs EPQ costs, as more large ESSs are installed, the planning and design costs could decrease with
experience.



Foll owing the California Publ i csoligihids forrepew&@blEmmi ssi o

energy resources to replace three fesml plants (Ailworth 2018), Pacific Gas & Electric (PG&E), the
utility that covers a large portion of Northern California, requested approval dhifffupowerenergy
storage projectsnia filing with the CPUC (PG&E 2018):

1 Vistra Moss Landing Energy Storage with Dynergy Marketing and Trade, LLC as the counterparty: a

20-year project using 300 MW -Hour, Liion batteries with a connection point at the transmission
level

1 Hummingbird Energ Storage with Hummingbird Energy StorageC as the counterparty: a15
year project using 75 MW -dour Li-ion batteries with a connection point at the transmission level

1 mNOC AERS Energy Storage with Micronoc, Inc. as the counterpartyyadrQorojecusing
behindthe-meter 10 MW, 4our Li-ion batteries

1 Moss Landing Energy Storage with Tesla, Inc. as the counterpartyyea@roject using 188IW,
4-hour Li-ion batteries with a connection point at the transmission level.

Additional highpower andenergybattery energy storage systeBESS installations, including
installations outside the United States, are listed below (Ailworth 2018):

1 NextEra Energy is integrating a 30 MW battery with a 100 MW solar array

9 Fluence Energy LLC is building a 100 MVEBS system in Long Beach, California, to power 60,000
homes for 4 hours

91 A 100 MW/129 MWh Tesla BESS in the Hornsdale Power Reserve in Jamestown, Australia, is the
worl dés | argest operating BESS as of July 2,

Note that the installations planned by PEG&ave E/P ratiogreater than the Tesla BESS at Hornsdale, a
possible indication of the trend toward higher E/P BES®gire2.3, a map of largescde BESS

installations in the United States as of 2017, shows the areas in which investments are generally being
made (EIA 2018).
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Figure 2.3. Map of U.S.largescalebatterystorageinstallations byegion as of 2017
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An example of a nobattery project over 100 MW power capacitNi® x t Er a d s
project whichwill provide 1,300 MWo Southern Californialhe icense to construthe PSH unitvas

issued in June 201#&agle Crest 2018)Adding onto this, a map of PSH projects that have received
licenses as dDctober2018 is shown ifrigure2.4 (FERC 2018).
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30 Technol ogy Cost aMet Piec$ or man

Reported metricased in this repoitclude those related to capital costs Hmelcostof PCS, BOP,
C&C, fixed and variableperations and maintenan€@&M ). Performance metrics includRTE,
response time, cycle life, calendar life, MRL, and TRL, asrite=d in the following sections.

3.1.1 Capital Cost ($/kWh or $/kW)

Capital cos as defined here, covealgferentcomponentshatvary by technology typeFor batteries and
capacitors, capital cagpertain to the procurement of the direct current (DC) enstiapage unianddo

not include PCS, BOP, or C&C cos@apital costs for electrochemical storage devices are typically
expressed in dollars per kilowatt hour ($/kWh), while those for flywheels, PSH, CAES, and combustion
turbines (CTs) are expressed inlais per kilowatt ($/kW). This report remains consistent with the

literature for these technologies. While ultracapacitors are electrochemical devices, their total cost can be
represented as either $/kW or $/kWh based on the application. We chose $3 éxpitechnologin

terms of$/kW for this report.

For electrochemical storage units, the capital cost reported within this report includes electrodes,
electrolytes, and separators. For PSH, it includes waterways, reservoirs, pumps, and electritaisgenera
For CAES, it includes caverns, compressors, and generators. For electrochemical systems, it should be
noted that BOP, which was not available for every technology, was compiled and averaged from the
limited consensus found in the literature and &aplo all battery energy storage systems (BESSs

CAES and PSH, total project cssincluding installation costyastypically availablein the literature

reviewed While some project capital costs were broken down by component across technology types
the literature, CT costs were reported as a single value.

Lahiri (2017)estimated the cost range for the 58e modules andBMS for battery systemt be in the

range of $326%700/kWh, keeping the values broad to accommodate technology differ€ucesntly,

li-ion battery systems have the lowest capital costs, reaching as low as $200/kWh (Kamatii04.6)
experience and supply chain development in support of the consumer electronics and automotive markets.
Other less mature electrochemical systems, such as ssditum have a higher capital cogtquino

etal. (2017a) provided a rangévalues for a MW/16 MWh sodiumsulfur system with the low end

being $500/kWh to $1,000/kWh for just the battery cbet flywheelsthe capital cosalsoincludes PCS

costswith a variation of results found across the literature and from vendors betweef23600/kW

(Aquino etal. 2017a; Goodwin 2018PSH, CAESand combustion turbingsn the other handypically

includeall their costswithin thetotal reported capital costs.

3.1.2 Power Conversion System ($/kW)

This component dBESSsncludesthe cost fortheinverterandpackaging, agell as container and
inverter controlsThe PCS cost is expected to deseassystem voltages increase (Vartansso
Hellested2018; Minear201&), becaus higher current for the same power rating leads to higherldest.
ion system voltages have been trending up, with voltage samgeasing from 750L,000 V DC to

1,000 1,500 VDC (VartaniamandHellested2018). Additional cost decreases are anticipated sificen
carbide GiC) technology matures, thoughis is more applicable to smatale €100 kW) inverters.
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For largescale storage at 200 MW, it was anticipated that @8 Eosts could decrease to $140/RVA
(VartanianandHellested2018;DOE 201&). It is not clear what this translates to in terms of $/kVA for
theone to two orders of magnitude lower power levels investigated in this report for BESS.

In addition tovoltagerelated costawvhich fall under the system design bucket, PCS standardization and
manufacturing scale are further expected to drive down costs (Minedr)2Bd8the Li-ion technolog,

the cost is assumed to be 90 peraémther technologies duse its higher DC voltage range. However,

by 2025, it is assumed that ather battery technologies wilave caught up in terms of increasing the
DC operating voltag range. A 8 percentdecrease in cost over preseatyLi-ion PCS cost is assigned to
year 2025because dthe benefits of standardization and scalability due to increased volume production.
The lower 2025 cost is assigned uniformly to PCS for all battery chemiStissassumption is

supported by developments such as flow batteries effigiaddressing shunt current related issues to
increase DC string voltage. Similarly, sodiased high temperature systems, with their higher unit cell
voltage than flow battery cells, are well placed to scale up to higher DC voltage levels in the coming
years.

While new technologies such as SiC may mature by 2025, they magtrmnefit from largerolume
production.SiCi based inverters are making headway in the electric vehicle (EV) space, charging
infrastructurephotovoltaics PV), power supplies, mor drives and uninterruptible power supplies
(Slovick 2018). This technology is expected to have a compaumabhgrowth rate (CAGR) of
108percentin the 20172023 time framégSlovick 2018) Wafer supply limitations have been a
bottleneck an@reexpected to be overcome through investments by the lead SiC wafer suppliers. This
technology and its impact on cost has not been considered in this report due to lack of sufficient
information.

Table3.1 provides the system voltages for vasd@ESSs

Table 3.1. Systemvoltages bytechnology

Technology Nominal DC Voltage (V) Reference
Li-ion 860 Vendor specificatiord
Li-ion 1,221 Samsung (2018)
Sodium metal halide 640 Same value assumed as Sodium Suli
Sodium sulfur 640 (5 modules, each module 84r 128V)  Kishinevsky (2005)
Zinc-hybrid cathode 768 EoS (2018)®
Lead acid 7569 May et al. (2018)

(@) Vendor requests that details of this information be kept confidential

(b) EoS Aurora 1000 | 4000

(c) For several projects, the DC voltage was not clearly specified. The number of cells in each parallel string was st
however, it was not explicitly stated these cells were in series. For exan®32 cklls in a string at Chino corresponds
to 2064 V DC, which is too high.

A summary of PCS costs across various battery chemistries is provided in Appeftix PCS cds
ranged from $130/kW to $890/kWhe Electric Power Research Instituté>) proposed $200/kW for
smallsystems andstimated a 5@ercentreduction for largescale systesyMinear 2018). PCSis
commonacrossll battery technologies (and ultracapacitors) and will affect all of them similarly.
Requests fodetailedcost information were sent to multiple vendors, and no response was obtained.

1 We have used kW for AC and DC power in this report. For AC power, the proper term is kVA, where VA is volt
amperes
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Based on the above table, the PCS costs were obtained by multiplyiogrnsensus literature PCS cost

of $350/kW by the normalized voltage raised to a powe®.dfas shown iffable3.2. Becausehe

nominal DC voltagedr Li-ion chemistry is about 63 percent higher than other technologies, the
normalized voltage for other technologies is set to 1 based on a hominal DC voltage of 750 V,-while Li
ion chemistry normalized voltage is set at 1221/750 or 1.63. For the ydaiit2i@2ssumed that this
difference in nominal DC voltage will no longer persist.

Table 3.2. Calculated PC$ost ($/kW), 2018 and 2025

PCSCost PCSCost
Nominal DC Normalized (Normalized $kW $kW
Technology Voltage Voltage Voltage)®* (Year 2018)  (Year 2025)
Li-ion 1221 1.63 0.82 288 211
Sodiummetal halide 750 1 1 350 211
Sodiumsulfur 750 1 1 350 211
Zinc-hybrid cathode 750 1 1 350 211
Lead acid 750 1 1 350 211

3.1.3 Balance of Plant ($/kW)

The balance of thenergy storage systefESS, known as th&OP, typically includescomponents such
assite wiring, interconnecting transformers, and other additional ancillary equijpme it measured on
a $/kW basigDNV GL 2016. The literature has informaticaboutPCS, BOPand C&C costbutthe
individual component costs are not well documerffagliino et al.2017a Lahiri 2017 Schoenung

2017). ZakeriandSyri (2015)provided PCS and BOP costs for various BESS chemidbiiethe
numbers were grouped togeth&rseparate costs could not be obtained. Haywa@raham(2017)
provided BORcosts in $/kWh, with the cost being $508/kWh for year 2018 and $441/kWh fo2@2ar
in 2017 Australian dollarg\t that high of a cost, the research team believes the estimated cost could
include some costs that we would deenbeC&C costs Clean Energysrid (2014) provides a wide
range of BOP cost, expressedi/kWh ($120$600/kWh).

The BOP costs are mainly assigned to electrical wiring and connections. Unit cell voltage plays a role to
the extent that for the same ampboair (Ah) capacity, the cell count decreaseth wicreasing voltage,

with lower numbes of cell-to-cell interconnections needed. However, most battery systems have basic
repeating ungor modules, which consist of multiple cells. The module cost is already captured in the DC
system cost. Hencin terms of module interconnections for large systems, the euafbmodules in the
system determine the interodule connection costs. The sefiesallel design within the battery system
determines the maximum current between adjacent modules, thus determining the current conductor
specifications for a specific maial (width, thicknessand length).

Even for high cell voltage chemistries swadhLiion, some vendors choose cells with small Ah capacity
to improve reliability and safetyror exampleEvanexx (2017) states thbesla uses 18650 cells, which
are 18mmin diameter and 65 mm in heiglvhile newer EVswill have cells with 21 mm diameteand
70mm heighs. It is not cleawhetherthese cells will also be usedBESs Hence, the unit cell voltage is
not a reliable predictor of the cell count in the BESS.

Thetablein AppendixB summarizes BOP costs for various technoloddes totheaforementioned
considerations, the BOP across all battery chemidtaedeen set at $100/kW, a consensus number from
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the literatureBecaus no significanttechnological improvemes are anticipated, a nominapBrcent
decrease in BOP costs is assigned for the yeart®02&count for efficiencies associated with scale

3.1.4  Construction and Commissioning ($/kWh )

C&C costs, also referred to as EPC costs, coabiite desigreosts costs related to equipment
procurement/transportation, atiee costs ofabor/parts for installation (DNGL 2016).Damato(2017)
reported costs for grid integraticsalestax, feesandgeneral and administrative &3 ) expensesfrom
which C&C costs can be estimated by backing out an assumed cost for BOP from oth&hedakle

in Appendix B summarizes BOP and C&C costs for various technologies. The cost decreases are not
expected to be as great for C&C because tbests are more mature than those more directly tied to each
technologyFor grid integration, the cost is mainly a function of system footpridtveight (with

discrete steps in costs), degree of fackmsembly vs. onsite assembly (the total cost malidosame
regardless of where the assembly occunsjlarchitecture in terms of open racks vs. containerized
systems (Minear 2088 Potential new costs are introduced if the stosygéemis installed at the
transmission level (Minear 2048 which is n line with our findings for PSKManwaring 2018).

For this report, C&C cost was addressed strictly ugiegsysteniootprint orusingthetotal volume and

weight of the BESS. Volume has been used as a proxy for all these metrics. Footprint irtsatfddoies

not capture the system volume and weight. While volume does not accurately reflect the BESS weight, it
is a better proxy for weight than footprint. For future work, it is recommended that a weighted
combination of system footprint, volurgrendweight per unit energy be used. For this work, the

normalized volum@erwatt-houris used as a metric.

The consensus C&C costs from therature wereincreased by 15 percefatr the technology withhe

smallest energy density or largésdrs per watthour (L/Wh). This value was multiplied by the

normalized volume peratt-hourraisedto a power of 0.33 to yieldLi-ion C&C cost of $100/kWh,

slightly higher than the $8kWh estimated by McLaren et §2016. A 5% drop was assumed for year

2025because while gains have been made in recent yeaestimatedC&C cost at $100/kWh ien the
low-end of currentestimatesi t h | i ttl e scope for further cost dec
any benefits going fither along the learning curve are expected to be partially balanced by higher
materialandlabor costs with increased penetration of stordgele3.3 provides system volume, while

Table3.4 provides the C&C cost.

Table 3.3. Systemvolume bytechnology

Battery Chemistry Wh/L Reference Notes
Redoxflow battery 12.5 UET (2018)
Li-ion BESS 80 Research Interfaces(28)
Li-ion BESS 90-130? Research Interfaces (2018)
Na-S 40 Gotschall & Egehi (2009)
Sodiumhalide 65 LCE Energy (2011) Largescale system Wh/L assumed
to be 60% of the 9.6 kwh module
Lead acid Chino systen 16 Rodrigueq1990) Largescale system Wh/L assumed

to be 60% of th&0-kwWh module
Zinc-hybrid cathode 17 EoS (2018)
(@) Use 100 Wh/L for Liion BESS.
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Table 3.4. C&C cost bytechnology ($/kWh), 2018 and 2025

(L/'Wh C&C Cost $/kWh, C&C Cost $/kWh,
Chemistry L/Wh Normalized normalized)33 Year 2018 Year 2025
Li-ion 0.12 0.53 101 96
Sodiumhalide 0.19 0.61 115 110
NaS 0.31 0.70 133 127
Lead acid 0.78 0.93 176 167
Zinc-hybrid cathode 0.73 0.91 173 164
Redoxflow battery 1 1 190 180

3.1.5 Fixed Operations and Maintenance ($/kW-yr)

Fixed O&M includes b costs necessary to keep gterage systemperational througbutthe duration of
its economic lifehat do not fluctuate based on energy usageés value isnormalized with respect to the
rated powenpf the storage systeand is expressed as $/ky¥. AppendixB summarize©O&M costs for
various technologies. It is clear that availabl&M costs for all battery chemistries wénetherange of
$61 $20/kW-yr, with most in the $614/KW-yr range Aquino et al. 201&@andDNV GL 2016. A fixed
O&M cost of $10/kWyr wasused for all battery chemistries

3.1.6  Variable Operations and Maintenance ($/kWh-yr)

Variable O&M includes altosts necessary tperatehestorage systertirougloutthe duration of its
economic lifeand isnormalized withrespect to the annual discharge energy througlfoutthis reasan
this valueis expressed as cents/kWariable O&M costs account for wear and tear of the sysiigtimg
operation Few resourcesnithe literature provided a concrete variable O&M vdRiack & Veatch

2012; Aquino et al. 20HJ. Those that did assumed it to be approximately 0.3 centsjlidathGeetable

in Appendix B). This report uses this number for variable O&M for other battehnologiesNotethat
cycle and calendar life for each system, when accounted for properly, provide the correct variable costs as
the storage system ages, while incorporatioRE accounts for variable costs related to discharge and
the subsequemecharge. Hencéhe variable costf 0.03 cents/kWhas it appears in the literature, is
assumed tbe a catchall for energy throughptrelated costs that are not accountedofpcycle/calendar
life and RTE.

3.1.7 Round -Trip Efficiency

RTE s the ratio of net energy that is discharged to the grid (after removing auxiliary load consumption) to
the net energy used to charge the battery (after including the auxiliary load consu(@&2011h.
Lossedor BESSscan be grouped into the following categories:

1 Loss of Ah capacityWhile Ah loss can be high over the course of the batteryitlife negligible for
each cycle. In flow batteries, cregseii related losses accumulate over seveyeles butare
negligible for each cycle

1 Internal resistanceelated losses reduce discharge voltage while increasing charge voltage

9 Auxiliary loads such akeating,ventilation, andair-conditioning (HVAC) batterymanagement
systems (BASs), PCS controls, and pumps (for flow batteries)
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While there is n®ingleRTE value for each technology, this work liIBt6-DC RTE for each technology,
and used 0.96 RTE for PCS to compute the overall system RTE for each tecl{Nelotery 2016)For
most @ses, the DOC RTE was used in oalternating currentC)-AC RTE estimates. For some
cases, where system RTE was available based on our work estglédbattery testing and analysis,
these values were also used in our RTE analysis.

RTEs for nonBESStechnologiesredescribed in the respective sections when appropriate. In general,
RTE is simply the ratio of net energy discharged to the net energy charged, with thebgstgrought
back to the initial state.

3.1.8 Response Time

Ramp rate is the time (pycally in seconds or minutes) that a system takes to change its outpdtdavel
rest to rated powefasterramp rates or lowaesponse timearemore valuableResponse time, for the
most part, is determined by the inverter selection foapiicationand the overall system desigh
response time is critical to operation of a system, the owner of the prajesetlect a PC8r DC stack
designthat can respond at the desired r&t. flow batteries, for example, if the DC stack desigsuish
that it can ramp up to the rated power within one second, it viloeiitbe the inverter that determined the
response time.

Based on an extensive literature review and testing-mfrLand flow battery systems conducted by the
research teanthe respnse times for the DC battery and ultracapacitor ESSs contained in this report were
assumed to be less than one second. However, extensiveotesisted by the researtfamhave shown
thatinverter response times can range framsrlittle adess than kecond to approximately 13 seconds to
reach rated powerherefore, we assume that the response times for the ultracapacitor and the BESSs
contained in this analysis would be 1 second, subject to PCS limitations that could extend the response
time out byan additional 413 seconds-lywheelresponse time provided by vendaras determinetb

be 250 millisecondfom the information gatheretlastly, for other technologies, suas PSHand

CAES the time to go from shutdown to full power can be as hidti 88 minutes.

3.1.9 Cycle Life

The cycle life for conventional batteries is a function of its depth of dischai#) (butthe lifefor a

redox flow battey does not depend dboD. For PSH and CAES, degradation depends on the number of
mode changes. Flywheelsdultracapacitors have cydlees >200,000becausehemical degradation is
not an issug The cycle life of batteries was compiled at@dcentDoD.

3.1.10 Calendar Life

Calendar life for batteries is highly dependent on the operating conditions. For batteries and
ultracapacitors operating at ambient temperatures, the life decreases with an increase in operating and/or
ambient temperature. Calendar life is defisgtttly as the maximum life of the system when it is not

being operated, because when it is being cycled, depending on the degradation rate of calendar vs. cycle
life, one of them determines the overall life of the system. The calendar life used in this watktases
gathered from literature and from vendors.

1 See Sections 4.2.9 and 4.2.11 for specific values and references.
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3.1.11 Manufacturing Readiness Level

MRL is a measure used for assess$iog mature thenanufacturing of a product fortachnology is and

it ranges from a scale of 1 (basi@anufacturing issuddentified) throughl10 (high rateproductionusing
efficient production practicedemonstrated According to thdJ.S. Department of Defense
Manufacturing Readiness Les@&eskbooKDOD 2017, thevaluesrepresent &non-linear ordinal scale
that identifies what maturity shitd be as a function of where a program is in the acquisition life oycle.
Table3.5, reproduced from the Deskbqgitovides an overview of each of thenufacturingscalesat
whichthe technologies in this report areasured.

Table 3.5. Manufacturingeadinesseveldescriptions

Manufacturing

Readiness
Level Description
MRL 1 Basicmanufacturingmplicationsidentified
MRL 2 Manufacturingconceptddentified
MRL 3 Manufacturingproof of conceptdeveloped
MRL 4 Capability to produce the technology in a laboratory environment
MRL 5 Capability to produce prototype components in a production relevant environment
MRL 6 Capability to produce a prototype system or subsystem in a production relevant environ
MRL 7 Capability to produce systems, subsystems, or components in a production representati
environment
MRL 8 Pilot line capability demonstratettady to begimow rateinitial production
MRL 9 Low rate production demonstratezkpability in place to begifull rate production
MRL 10 Full rateproduction demonstrated and lean production practices in place

3.1.12 Technology Readiness Level

TRL is a measure used for assessing the phase of developragrtbhology. TRL indicates how

mature the technology is and ranges from a scale of 1 (basic principle observed) through 9 (total system
used successfully in project operatiprisable3.6, reproduced from theg.S.Department of Energy

(DOE) Technology ReadinegssessmerGuide(DOE 2011), showsan overview of each of the scales

that the technologies in this report are gradiedill of the technologies included in this report are TRL

or higher. Combustion turbines offer the highest TRL at 9, followesklgral technologiest TRL 8.

Table 3.6. Technologyreadinesseveldescriptions

Technology

Readiness Level Description
TRL 1 Basic principles observed and reported
TRL 2 Technology concept and/or application formulated
TRL 3 Analytical and experimental critical function and/or characteristic proobn€ept
TRL 4 Component and/or system validation in laboratory environment
TRL5 Laboratory scale, similar system validation in relevant environment
TRL 6 Engineering/piloscale similar (prototypical) system validation in relevant environme
TRL 7 Full scale similar (prototypical) system demonstrated in relevant environment
TRL 8 Actual system completed and qualified through test and demonstration.
TRL9 Actual system operated over the full range of expected mission conditions.
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32 Definitions of Technologies Present ec

An overview of each of the energy storage technologies inclaié@dompareth this report is provided
in Table3.7 (EASE2016 ESA 2018 EoS 20¥; GE Power 2018)The characteristics that define the
technol ogyos per f orRTEadmsmiametersleshribea 81 the @mevipus dedctese |
well asestimatedor unit energy and power costgeincluded lateiin Sectia 4.0for each technology

Table 3.7. Technologydefinitions anddescriptivecharacteristics

Typical Typical

Power Energy

Type Technology Description Range Range
Electrochemical Sodium A moltensalt battery made up of sodium (Na) Several kW 100kWh or

Energy Storage sulfur battery and sulfur (S) that operates at high temperatu to few MW higher
rangesand is primarily suitable for4-hour
duration applications
Li-ion battery A battery based on charge and discharge 1 kW to <200MWh
reactions from a lithiated metal oxide cathode 100 MW
and agraphiteanode. This batterigchnology is
used in a wide variety of applications.
Leadacid A battery made up of leatioxide (PO;) for the Up toafew <10 MWh
battery positive electrode andspongylead (Pb) MW
negative electrode. Vented avalve-regulated
batteries make up two stypesof this

technology.
Sodiummetal A molten battery made up afckel (Ni), sodium Several MW 4 kWhi
halide battery chloride (NaCl) and sodium (Na) which is kept several MWh

at a temperature between 2@and 350C.
Batteries using othematerialsare being
developed to decrease cost and operation

temperature
Zinc-hybrid A high-energy densityatterystorage 250 WV 1 MWh
cathode technology hat uses inexpensive and widely subsystem  subsystem
battery available materialZinc-hybrid cathode repeat uniup repeat unitup
batteries usaonflammable, neaneutral pH to 2 MW to 8 MWh

agueous electrolysthat arenon-dendritic and

do not absorb C®
Redoxflow A batteryin whichenergy storage ithe Several kWi 100kW to
battery electrolyte tanks is separated from power 30 MW 120MWh

generation in stack3 he stacks consist of

positive anchegativeelectrode compartments

dividedby a separator or an ion exchange

membrane through whidlons pas$o complete

the electrochemicakactions. Scalabilitdue to

modaularity, ability to change energy and powe

independentlyand longcycle and calendar life

areattractive featuresf this technology.
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Typical Typical
Power Energy
Type Technology Description Range Range
Mechanical Compressed This energy storage system is based on usin¢ Up to 500 1GWhto
Energy Storage air energy electricity to compress air and store it in MW 20 GWh
storage underground caverns. Tl is released when
needed and passed through a turbine to gene
electricity.
Flywheels A storage systerthatrelies on kinetic energy  Up to 20MW Up to 5 MWh
fromr ot or spinning thr
frictionl dehatsan pravidd shost u |
term power through inertia.
Pumped A technology thastoresenergy bypumping Up t03,600 Up to40
storage hydro water from a lower to a higher reservaird then MW GWh
releasing it back through the connection, pas:
through a turbings), which generates electricity
This technology is typically used for gr&tale
storage.
Electrical Energy Ultracapacito! Ultracapacitors store energy at the double lay 250 kWto 25 kWh to
Storage of each &ctrode separated by a dielectric anc 2 MW 20 kWh
can discharge energystartaneously. Due to
lack of chemical reaction, the cycle life is orde
of magnitude higher than battery cycle life.
Non-storage Combustion A gas turbine converts fuel such as natural ge 10 kWi Not
Generation turbine mechanical energy, which drives a generator 100MW applicable

produce electricity
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40 Technol ogy Cost and Peirzfaotrinmoann c e

This section presents detadloncerningany assumptions governing the cost and performance
characterizations presented throughout this report. Bataipresented on a technolegy-technology
basis.

41 Assumptions

The followingassumptionsveremade whertdetermining the estimates ftire cost and performance of
each type of technology in the analysis:

9 For each technologynit energy and power costs were obtaifrec literature and/or vendars
Battery costs were availleifrom vendors, supplemented by literatureterms of $/kWh, while
ultracapacitor costs provided by vendors were in both $/kW and $/kWh. FlywheelaRSEIAES
costs were providebly vendors supplemented by literaturi@, terms of$/kW. Appropriate sources
are noted within each technology subsection for values collected.

1 ForthelLi-ion technology, the PC&bst is assumed to 82 percentof other technolgies due to its
higher DC voltage range. However, by 2025, it is assumed that all other battery techmalbgies
have caught up in terms of increasing th@ @perating voltage rangkie to shown improvements
and other factorg-or example, flow batteridzave been efficiently addressing shunt curretdted
issues in order to increase DC string voltggjenilarly, sodiurdbased high temperature systems, with
their higher unit cell voltage compared to flow battery cells, are well placed to scale up td¥Xighe
voltage levels in the coming years 25 percentdecrease in cost over preseaty Li-ion PCS cost is
assigned to year 2025 due to the benefits of stdizddion and scalability resulting froimcreased
volume productionThis percentagés estimated based on the expedguivthin installed storage
(MW) in the U.Sfor 2025 and applying learning curve modalsed to forecast price based on
cumulative productiofKelly-Detwiler 2017;Alberth 2008).This lower value is applied to all batty
technologiesThe summary of PCS, BOBndC&C costs for various technologiesprovided in
AppendixB.

1 For flywheels, installation costs ranged fréro 25 percentof the system costhile 20 percendf
system cost was used in this work to estinfigteheel system installation cosfidelix Power 2018;
Goodwin 2018)Thesame fraction was used for ultracapacitors.

9 The typical power and energy for each technology used in this report are givaried.1, along
with their E/P ratios. For calculation purposes, the E/P ratios were used to convert all $/kW values to
$/kWh valueslt is assumed that the rated energy in the BESS teclspealfications is provided at
the specified rated powerendors will occasionallpversize the DC battery so that the measured
energy is greater than the rated energy. Sometimes, the rated energy is available at a fraction of rated
power.In some instansg he same BESS could have different combinations of rated power and
corresponding rated ener@yET 2018)

Table 4.1. Energyto-powerratios oftechnologytypes

Technology MW  MWh E/P

Battely 1 4 4
Ultracapacitor 1 0.0125 0.0125
CAES 250 4,000 16
Flywheel 20 5 0.25
PSH 2,000 32,000 16
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9 For all battery technologies, the same fixed and variable O&M costs were usedLbilenay
have more costs associated with safetyBki®s, the larger size of other battery technologies can
result in higher O&M costsaindtheir relatively safe operationeharacteristics work toward lowering
O&M costs.

1 Thecycle lifereportedfor each technologgorrespondto aDoD of 80percent Cycle life, where
provided in the I|iterature, i scydeiifswaspmoviled e ach
without a DoD, a DoD of 80 percent was assumed.

1 Performanceparametergor PSH,flywheels sodium metal halide batteries, zihgbrid cathode
batteriesand ultracapacitors were compiled based on communication with various vanddrs
reviewedliterature Specific sources are noted within the technology subsections.

9 Outliers were removed from cost ranges provided by the literature and the remaining reported values
were adjusted for inflation. From the adjusted range, a sidle estimate was established. When
establishing a single point estimate for each technology, additional weight was given to values
reported for systems with energy to power (E/P) ratios closer to the baseline values used in this
report. Both the adjustadnges and the resulting point estimates for 2018 and 2025 are provided in
Table4.3 andTable4.4. Ranges and values collected from the literature and industry experts are
provided in each individual technology section.

1 Predictions regarding cost estimates for the year 2025 were obtaingdoerformance improvement
forecastswhich allowdevelopergo extract more energy per unit maasd economies of scalEhe
numbers used by DNGL (2016) are shown iable4.2. The drop irLi-ion price was estimated to
be 67perceniand in zinc air to be 6Percent while sodiursulfur and redox flow batteries dropped
by 9percentand 18percentrespectively. The ratio used in this report isvghdn the last column. A
35 percentdrop inLi-ion prices was estimated. It was assumed that economies of scale would be
balanced bynincrease in demand for nickel, cobaltd lithium. Fortthe vanadium redox batteny
was assumed that the dnepuld be 29ercent greater than the J&rcentestimated by DN\VGL.

As demand increases, electrode and membrane costs within the stack are expected to decrease
(Viswanathan 20L4Crawford 2015). Improvement in performance is expected to increase the powe
density, allowing for use dewerstacks to provide the same powtberebyfurtherdecreasingost.

For energy intensive applications, for the same power density, a wfefor Sate of Charge

[SQC] range) can be expected for redox flow batteryesysttherebydropping the unit energy costs.
While a 60percentdrop inazinc air system was estimatby the vendarour work is a bit more
conservativeand estimates a 2frcentdrop from the already low cosf the zinehybrid cathode (or
zinc air) battery system. For the sodiwsulfur system, so far deployments have been mainly in Japan.
With some of the safety issues resolved, if the deployment of this technology increases globally, a
24 percentrop in cost is anticipated in this work for this teclogy. Sodium metal halide batteries
have not gained significant traction in the energy stospgee andre deployed mainly in bdkeets.
Hence, there is more room for cost reduction; a reduction of 30 percent has been used in this work.
The 30 percemteduction has been applied to the average low cost and high cost for sodium metal
halide based on information gathered from the literature and vdretatacid batteries are a mature
technology, especially in the context@tarting Lighting Ignition batteries used in automobiles.

Hence a 15percentcost reduction is assumed as this technology gains penetration in the energy
storage space.
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Table 4.2. Ratio ofyear 2018 to 2026osts (Source DNV GL 2016)
Year 2025/Year Ratio Used in

2018 $/kWh 2025 $/kWh 2018Cost this Report
Li-ion nickel manganese cobalt oxic 300 100 0.33 0.65
Sodiumsulfur 900 815 0.91 0.76
Vanadiunredox battery 520 425 0.82 0.71
Zinc air 250 100 0.40 0.72
Sodiummetal halide 0.69
Lead acid 0.85
PCS($/kW) 400 350 0.88 0.73

Note that &blevalueswere incorporated into an economic valuation model to determine annuaistsd
estimatel on either a unit energy or unit power level for each technoladjustments to 2018 1S.
dollars (USD) were made using consumer price index data fronBthreau ofLaborStatistics for the
Producer Price Indebndustry Data for Electric Power Generation, Transmission and DistribBtictor
(BLS 2018).

42 Resul t s

Figure4.3 andTable4.4 provide a summary of the cost and performance characteristics of the
technologies compiled in this repdPrimary estimates represent 2018 values; numhédysackets

represent 2025 forecast valubsFigure4.3, total project costs are estimated for a hypothetical

1 MW/4 MWh BESS.To determine the total project costs foe Li-ion battery technologyor example,

we take the product of the capital and C&C costs and its energy capacity (4,000*$372). We then add that
value to the product of the PCS and BoP costs and
calculationsyield a total project cost of $1.9 million for a 1 MW/4AMWhibin BESS, which would

translate into costs of $1,876 per kW or $469/kWie batteriesirelisted separateljpecausehey require

a PCS. All the other technologies do not have a separateeREHt ultracapacitors. While ultracapacitors
also require a PCS, they have been listed with flywhbetsausdothtechnologiediave low specific

energes Total $/kWh project cost is determined by the sum of capital cost, PCS, BOP, and C&C where
valuesmeasured in $/kW are converted to $/kWh by multiplying by four (given the assumed E/P ratio of
four) prior to summation. Total $/kW project cost is determined by dividing the total $/kWh cost by four
following the same assumption.
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Table 4.3. Summary oftompiled2018findingsand 2025redictions forcostandparameterangesby technologytypei BESS®

Sodium- Sodium Metal Zinc-Hybrid Redox
Sulfur Battery Li-lon Battery Lead Acid Halide Cathode Flow Battery
Parameter 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025
Capital Cost Energy 400-1,000 | (300-675) | 223323 | (156203) | 120291 | (102247) | 520-1,000 i (364630) | 265265 | (179199) | 435952 | (326:643)
Capacity ($/kWh) 661 (465) 271 (189) 260 (220) 700 (482) 265 (192) 555 (393)
Power Conversion 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329) | 230470 | (184329)
System(PCS)($/kW) 350 (211) 288 (211) 350 (211) 350 (211) 350 (211) 350 (211)
Balance of Plant (BOP) 80-120 | (75115) | 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115) 80-120 (75-115)
($/kW) 100 (95) 100 (95) 100 (95) 100 (95) 100 (95) 100 (95)
Construction and 121145 | (115138) | 92110 (87-105) | 160192 | (152182) | 105126 | (100119) | 157188 | (149179) | 173207 | (164197)
Commissioing ($/kWh) 133 (127) 101 (96) 176 (167) 115 (110) 173 (164) 190 (180)
Total Project Cost 2,3945,170i(1,9193,696] 1,5702,322; (1,2311,676)| 1,4302,522} (1,2752,160)| 2,8105,094| (2,1153,440)| 1,9982,402} (1,5711,956)| 2,7425,226} (2,2193,804)
($/kW) 3,626 | (2,674) | 1,876 (1,446) 2,194 | (1,854) 3,710 | (2,674) 2,202 | (1,730) | 3,430 | (2,598)
Total Project Cost 5991,293 | (480924) | 393581 | (308419) | 358631 | (319540) | 7031,274 | (529860) | 500601 | (393489) | 6861,307 | (555951)
($/kWh) 907 (669) 469 (362) 549 (464) 928 (669) 551 (433) 858 (650)
O&M Fixed ($/kW-yr) 10 (8) 10 (8) 10 (8) 10 (8) 10 (8) 10 (8)
O&M Variable (cents/kwh 0.03 0.03 0.03 0.03 0.03 0.03
System Roundrip 0.75 0.86 0.72 0.83 0.72 0.675 (0.7)
Efficiency (RTE)
Annual RTE 0.34% 0.50% 5.40% 0.35% 1.50% 0.40%
Degradation Factor
Response Time (limited by 1sec 1 sec 1 sec 1sec 1 sec 1sec
PCS)
Cycles at 80% Depth of 4,000 3,500 900 3,500 3,500 10,000
Discharge
Life (Years) 135 10 2.6 3 12.5 10 15
IMRL 9 (10) 9 (10) 9 (10) 7 9) 6 (8) 8 9)
TRL 8 (9) 8 (9) 8 (9) 6 (8) 5 (7) 7 (8)

(@) An E/P ratio of 4 hours was used for battery technologien calculating total costs.

IMRL = manufacturing readiness level; O&M perations and maintenance; TRL = technology readiness level.
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Table 4.4. Summary oftompiled2018findingsand 2025redictionsfor costandparameteby technologytypei non-BESS

(c) E/P =0.0125

Parameter Pumped Storage Hydropowef? Combustion Turbine CAES® Flywheel?)  Ultracapacitor©
Capital Cosi Energy Capacity ($/kW) 1,70063,200 6781,193 1,0562,544 600-2,400 240400
2,638 940 1,669 2,400 400
Power Conversion Syste(RCS)($/kW) Included in Capital Cost N/A N/A Included in 350 (A1)
Capital Cost
Balance of PlantBOP) ($/kW) 100 (95)
Construction and Commissiiomy ($/kW) 4809 801
Total Project Cost ($/kW) 1,700-3,200 6781,193 1,0502,544 1,080-2,880 930(835)
2,6380 940 1,680 2,880
Total Project Cost ($/kWh) 106200 94-229 4,32011,520 | 74,480(66,640)
165 105 11,520
O&M Fixed ($/kW-year) 15.9 13.0 16.7 5.6 1
O&M Variable (cents/kWH 0.00025 1.05 0.21 0.03 0.03
System Roundrip Efficiency (RTE) 0.80 0.328 0.52 0.86 0.92
Annual RTE Degradation Factor 0.14% 0.14%
Response Time FS AS _ Ternary From cold start: 3-10 min 0.25 sec 0.016 sec
Spinningin-air to full 10 min
P Iogd generatio 570s 60s 20-40s Sp|n ramp rate:
Sh“td‘;";grtaotigjr 75120s 90s 65905 8.33%/min
Spinningir?—airto full Quick start ramp rate
load 5080s 70s 2530s 22.2%/min
Shutdown to full loaq 160-360s 230s 80-85s
Fullload to full g, 5565 2805 25605
generatiof
Full generation 10 14 5405005 470s 254559
Cycles at 80% Depth of Discharge 15,000 Not Relevant 10,000 200,000 1 million
Life (Years) >25 20 25 >20 16
[MRL 9(10) 10 8(9) 8(9) 9
TRL 8(9) 9 7(8) 7(8) 8
(a) E/P=16h (d) 20 percent of capital cost
(b) E/P =0.25h AS = adjustable speed; FS = fixed speed.




ForLi-ion batteriesnickel manganese cobalt oxifldMC) systems hathelowest cost, followed by
lithium iron phosphatéLFP), andlithium titanate oxidel(TO) systems haia 50 100 percenthigher cost,
with the cost difference mainly attributable to differences in operating potential. For NMC sybiEems,
cost range was $32$520/kWh.Total project costs varied from $721,383/kWh some of these
variations could be due to chemistry, sorme tb C&C costs, and others due to project siradacid
batteries had much tighter cost range most of thereviewed literatureThiswas expectetlecausehe
leadacidbatteryis a mature technology.

Leadacidhybrid systemssuch aghe one produed by themanufacturer UWrabattery werenot

consideredn thiswork becausef theirlower specific energy leading to higher unit energy costs for their
4-hour application. For vanadium redox flow batteriegth two exceptionshe cost was in a tightmge

of $357 $584/kWh. Adjustments were made to the PNNL work taaotfor lowerDoD and for BMS,

DC controls and container costandthe costserein line with the average cosbim theliterature. For
sodium sulfuythe cost was in a wide range%#19 $1,000/kWh.Vendor information was not solicited
sothe research team relied on data presented in the literaturd-basedium nickel halide, the cost

range was $50(%1,000/kWh,andvendor informatiorcamein at $586/kWh Due to lack of sufficient
installations, the cost was assumed to be $700A¥rha 3 percentanticipated drop by 2025. Zinc

hybrid cathode technology was estimatiethe$265/kWh based on vendor input.

PSHsystems had a widmstrange of $500kWi $5,100kW. The lower componéerof this range
originatesrom the projected cost for a PSH projatEagle Mountain in Southern California.
Conversations with lead developers and withNlagonal Hydropower AssociatioNHA) Pumped
Storage Development Council helped narrow down the cost ta$8e00Q $3,500/kW across all power
capadies. The range provided by NHA was for.&J) systems that have been installegotanned and
includes both fixedspeed and variablgpeed PSHyutit does not includéernary (Manwaring 2018b
The differencevas found to b@rimarily based othe following

1 Equipment selection (fixed, variab#peedor some hybrid approach)the costdifferencefor fixed
vs.variablespeedunitsis approximately25%, which is primarily driven by the need for more power
electronic equipmeritlt was noted thatie powerhouse caverns need to be slightly larger to
accommodate this equipment

9 Project size/capacity

1 Availability of existing infrastructwe (transmission, dams, reservoirs, etc.). The information comes
from a global databas# existing and newrojects andire consistent with the cost estimates being
provided to U.S. project develope@utlier projecs certainlywill have lower developmertosts or
higher development cost (per kW) based on the factors described above (Manwaring 2018c).

While all PSH projects in thenited Statesre biilt with fixed-speed units, one or two projects have been
modified to adjustablspeed. The different equient sizaequirementsor adjustablespeed units makes
this challenging to fit inside the underground cavern for thegplosuseMost new US. projects under
developnentare using variablspeed units (>60 to 70 percent), while <5 percent have ternaryNaits.
equipment orders ere placed for a new.B. project since the last project brought online in 2012. For
new projects globally, the split is closea80-50 split, with a very small peentage for ternary systems

At the lower end of the cost, the Eagle Mountain PSH with two existing mine pits for upper and lower
reservoirs has estimated project costs g8®a 1,500/kW. At the high end, the 5 MW Pearl Hill Hydro
Battery Project develaul by Shell Energy has an estimated cost range,50@23,500/kW (Manwaring
20189.

! Note this is not 25% of the project costs, just the equipment costs.
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The mst breakdowsfor various options were obtained, and a relationgligpdevdoped for unit energy
costs forthe upper reservoir using similar information for CAE@hich is described in greater detail in
Section4.310.

Based on vendor input, a relationship was found for cavern cost in $/kWh, such that cost for any power
and energy combination could be estimated for the technologycamMeenfor 10-hour sorage for CAES

was 19percent othetotal cost, while cavern cost for-tur storage was estimated at 6 percethef

system cost.

PSH eservoir costs can vary based on topogra@lonversations witlavendor revealed thabacrete

dams requir@awall thickness equal tthe height of the dam, for example. Some reservoirs are built using
steel structures, while others are naturally occurring (Dham 20&8)relationship between reservoir

size and capital cost is evaluated in Sedlichg

For flywheel cost, the researcteamrelied on two vendors and published information from a third
vendor. A range of $050' $2,400/kW was obtainedndthe main differencevasattributed tovarying
E/P ratos.

Ultracapacitor costs were in th@nge of$160/kWfrom avendorfor al MW system(energy content not
disclosed, and$240/kWand $401/kWrrom another venddior al MW, 7.43 kWh system and
12.39kWh systemrespectively

Combustion turbine costs weestimatedo bein the $651$1,193/kW range, with larger systems having
lower unit power cosiThis range was generated from sources including the U.S. Environmental
Protection Agency (EPATombined Hat and Power (CHRjatalog (Darrow et. al. 2014), the DOE Gas
Turbine Factsheet (DOE 204)6the U.S. Energy Information Administration (EIA 2016), as well as
other relevant literature describednoredetail in Sectior#.3.1

Comparing various storage technologies with different E/P ratios can lead to misleading results. We have
developed a framewoffior conduting this comparison across a range of E/P ratioP®H, CAESand
ultracapacitorsFor conventional battery storage technologies, increasing E/P ratios can happen by
multiple methods:

9 material discovery and development to improve specific energy
1 usingthicker electrodesor
9 acombination of the above

If the material has the same cost per unit mass, kivét$for the DC batry will drop. Using thicker
electrodes will reduce passive components within thetbeliebyreducing DC system cost. However,
beyond a certain thickness, electrasedecreaseghus providing no additional benefits. For the most
part, ion transport is expected to dominate; hesleetrode architecture optimization is key. By tailoring
the pore size distribution across the electrode thickness, transjabed limitations cabe mitigated

(Li 20179).

A combination of the above approaches can lead to improvement in specific &wsgthat ashe E/P
ratioincreases, the specific power is not the limiting factor. The limiting factor for specific energy is
simply theability to fully use the electrode thickness, which is enabled by suitable electrode architecture
design.

1 To allow thicker electrodes, ion and electron transpeleted issues need to be addressed.
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The benefits of these R&Eelated improvements are captured in the projected cost reduction for the year
2025. This analysis has been conservatifigther reductions are possible if R&D improvements are
substantial.

While on a $/kWh basis, PSH and CAES are the mosteftesttive, battery energy storage technologies

serve a useful purpose by offering flexibility in terms of targeted deployment aceadistifibution
systemPathways to lower the $/kWh of the battery technologies have been described.

4.2.1 Degradation -Related Reduction of RTE

The degradation of batteries ressiih Ah capacity los§ZhangandWhite 2008)and anincrease in the
battery cell inernal resistancéNing et al.2006) TheDC-DC RTE is affected simpligy the ratio of

Va*Ahd/(VFAh)
where
V4 = average discharge voltage,
Ahg = Ah capacity during discharge,
V. = average charge voltagend
Ah: = charge capacity.

For mostbatteries, the coulombic efficiency, defined as the ratio afadh is >0.999, and can be
assumedo be nearly equal to 1. That is, while the batteries do lose Ah capacity over time, it can be
assumed that for each cycle, the charge and discharge capadiyual to each other. Henttee RTE
depends only on the average discharge and charge voltage.

For any battery cell, the operating voltage is simply the open circuit voltage (OC\R;where lis the
current in amperes, and is negative for disohamd positive for charge. Appendishows detailed
calculationdor RTE degradation which assuniat each battery type has an increase in internal
resistance 050 percenver its useful life.

The voltage of the ultracapacitor decreases linearly didttharge time after drop-in voltage associated
with its internal resistancend acorresponding increase in voltage during charge. The RTE for
ultracapacitors is estimated in a wsignilar to estimating RTEor batterie{Kulsangcharoen et al. 2010)
When the ultracapacitor is cycled between its maximum voltage and half the maximum voltage,
75 percentof its enegy content can be withdrawn (Tec&@eoup 2018) For noraqueous systems, the
nominal voltage rating is 2. 4®lts (V) (Mouser 2018)hence thk voltage range of operation is 2V @o
1.35V, which correspondto an average voltage range of 2\02

Flywheels have extremely low degradatisomeclaimfi zer o degr adati on over ti me
2018) The degradation rate of RTE for flywheelasnassumed to be the saméhas for

ultracapacitord both of them at a low value of 0.pércentper yearFor all practical purposes, their

degradation rates can be considered negligible.

The RTE for a pumped hydro system can be approximated by thecpaigpumping efficiency and
generating efficiency, excluding losses due to evapor@tomer Energy 2018 However, there was no
methodology available to estimates precisedegradation of pumping and generating efficiency over
time.

Three losses ovall are typically accounted for in PSH plants: electrical, mechanical, and hydraulic.

When looking at mechanical and hydraulic losHes degradation of PSH plants can be accelerated by
factors such as trash rack fouléngvhen debrislog at the hydropoweintake location (Ngvik eal. 2014,
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Dham 2018), or cavitatiénthe scenario in which a cavity is generated in a pump due to a partial
pressure drop of flowing liquid (Klimes 201 ¥\ hile hydraulic losses from water flow through the
tunnels remain unchangetie performance of machineitgelf maydecreasever timethrough
deterioration of machine partghich may require more water to produhe same powe higher flow

rate leads to more hydraulic losses. Transformer and turbine/generator los$esre@se over time as
well. Despite these factgreefurbishments are expected to recover performédicam 2018). For

example, changing out the transformer oil brings it back to working condition. Type8lly plants are
evaluated every 5 years for rdfishment of equipmenivhich corrects the degradation factors described.

Some of the degradation factors described in the previous paragraph also apply to other technologies.
Cavitation can also occur through liquefaction within supercritical CAES tnatsnvolve liquid air

(Wang efal. 2017) Deterioration of transformers and turbines for CAES and CTs can be addressed in a
similar manner to the procedure described for PSH.

Batteries were found to have manethods and dafar calculating RTE degradan within the

literature.Table4.5 shows the RTE loss per year for each battery chemistry. AppEnatiovides more
detailed calculations.

Table 4.5. Estimateddecrease in RTE peear foreachtechnology

Final RTE/ Calendar RTE Loss

Chemistry Initial RTE Life (years) per Year
Li-ion loss 0.959 10 0.50%
Sodiumsulfur 0.956 135 0.34%
Lead acid 0.898 3 5.40%
Zinc-hybrid 0.878 10 1.50%
Redox flow battery 0.847 15 0.40%
Sodiummetal halide 0.956 125 0.35%
Ultracapacitor 0.979 16 0.14%
Flywheel NA > 20 0.14%

43 Techno-bpggiFfindi ngs

The following sections present specific findings for each oéttergy storage technologies

43.1 Combustion Turbine

Among conventional power generation technolog&ks offer a high degree of operational flexibility in
terms of start/stop time and ramping speed, and therafeodten used as the next best alternative to
more flexible resources (e.g., ESpSNith the advancement of manufacturing technology and market
demand, CT units are now offered in a wide range of sizes starting from tens of kilawaitdP
applications to hundreds of megawatts for stationary power generation. This enables usirgjzedght
solution to the requirement and thereby optimizes dadpitastment. Right sizing is also importdat
redudng the partload operation of a given CT uriecauséts thermal efficiency declines significantly in
partload operation and impacts fuel colite availability of dual fuel (gaseous and liquid) CT
technologes provides flexibility in the choice of fuel and hence prosidere options for project
location.The remainder of this section providegrmationaboutcapitalcost,O&M cost, and other
parametersf CT technology
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43.1.1 Capital Cost

The basic compnents of an operational CT uaitethe turbine itself, gearboxlectricalgenerator, air
inlet system including filter assembly, exhaust gas system including the duct and silencer,-apd start
system. Depending on the fuel and emissiempliance requéments, additional costs may be incurred
for fuel compression systesand emission control systerthat are not included in the basic package
cost.

TheEPA CHP catalog (Darrow edl. 2014) studiethe capital costs ofive CT systems foa CHP
applicaton with net capaciesranging from 3.3 MW to 44.5 MW. Excluding the heatovery steam
generator (HRSG}hecoss of the systems studied rambeom $1,176to $3,060/kW.The DOE Gas
Turbine Factsheet (DOE 204)6studiedsix CHP units of net capag#sranging from 3.3MW to
40.5MW, with cost estimatesanging from$1,276to $3,320kW. Based on the EPA CHP catalog
estimateHRSG costs B7 percenfof the total cost. Using the mean value (@ebceny, CT facility costs
can beestimatedo be$1,193 $3,107kW. An EIA report (2016) studied a 100 MW conventional CT
facility with two units at a cost of $I0/kW and a 237 MW CT unitta cost of6678kW. From this, it
appears thaaconomy of scalplays a significant role in thesapital cost estimates. A Brattle report
(Newell etal. 2018) studiedhe cost of new entry (CONE) of CT units in five®Jregions with cost
estimates in the range $803 $1,012/kW. A capital costeviewperformed by Energy and
Environmental Economigd3) for theWestern Electricity Coordinating Council (WEC®@uhd a range
of costs ($834$1,045kW) in differentintegratedesourceplanning(IRP) studies relevant tthe WECC
region and recommended a capitost of$825/kW for WECC studiefOlson et al. 2014)Capital cost
estimates found in various technology reports are presenfebia4.6. A capital cost of $98/kW was
usedin this report.

Table 4.6. Capitalcostestimates of CTechnology

Capital Cost ($/kW) Notes Source
1,176 44.5 MW net capacity unit Darrow et al(2014
825 Recommended value based on review of IRP docume Olson etal. (2014
1,193 40.5 MW net capacity unit DOE (2018
1,101 100 MW facility, 2 units EIA (2016
678 237 MW single unit EIA (2016
9031,012 CONE study irfive U.S. regions Newell etal. (2018
651 Cost and performance projection for a 211 MW gas  Black & Veatch(2012

turbine power plant

4.3.1.2 Fixed and Variable Operations and Maintenance Costs and Performance
Metrics

Maj or components of a CT f eowpohentsofidsgectibnarded O&M cos
maintenance costs at intervals recommended by the original equipment manufacturer (OEM). More often
these services are provided by the OEM or by their affiliated-gartl service providers against a leng

term service agreeme(LTSA). Costs of dayo-day operation manpoweB&A costs, permit fees,

property taes and insurancare also included in fixed O&M costs. TB®A study (EIA 2016) reported a

fixed O&M cost of$17.50/kWyr for the 100 MW 2 CT unit facility ands6.8/kW-yr for the 23MW

single CT unit facility. The Brattle study (Newell et al. 2018) registered a rar®fe8af $25.6/kW-yr for

fixed O&M costs for thdive U.S.regions studied. The E3 study (Olson et al. 2014) reportedya dn
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$4i $12/KW-yr butrecommended a value $&kW-yr for fixed O&M cost. These vaks are summarized
in Table4.7. A fixed O&M cost of $13.0/kWyr was used in thiseport.

Table 4.7. Fixed andvariable O&Mcosts for CTsystems

Fixed
o&M Variable O&M
($/KW-yr) ($/kWh) Notes Source
9 Recommended value based on review of Il Olson et al. (2014)
documents
17.50 0.0035 100 MW facility, 2 units EIA (2016)
6.8 0.0107 237 MW single unit EIA (2016)
13.725.6 0.004250.00429 CONE study in 5 Ub. regions Newell et al. (2018)
5.26 0.03 Cost and performance projection for a Black & Veatch (2012)

211 MW gasturbine power plant

Variable O&M cost components include consumables foftdalay O&M, including inspections and
overhauls. The EIA study (EIA 2016) reported a variable O&M co$0df035/kWh for the 10MW,

2 CT unit facility and$0.0107/kWh for the 237 M\\single CT unit facility. The Brattle study (Newell
etal. 2018) reported a rangé $0.0042% $0.00429/kWh of variable O&M costs for tffige U.S. regions
studied . O&M variablecosts were assumed to be $0.0k@ in this report.

The dficiency of CT units is typically expressed using hesie (Bu/kWh). The EPApublished a CHP
technology catalog (Darrow et al. 203d)whichtechnical performance amdsts of CT units with
various sizes were studied. Heat rates were found to vary fd88t® 14,247Btu/kWh (23.96
35.97percentn terms of efficiency) for unitaith net capaciesof 3.3 MW to 44.5 MW. For example,
the heat rate for a 211 MW CT plant was 10,3808V (Black & Veatch 2012)¢corresponding to an
RTE of 32.8percentusing a onversion factor of 312 Bu/kWh (RapidTables 2018An RTE of

30 percentwas used in the repotts spin ramp rate was 8.p&rceniper minutewhile the quick start
ramp rate was 22 f2ercenfper minuteandit takes 10 minutes to reach rated power from cold start.

4.3.1.3 Technology and Manufacturing Readiness Level s

CT techology is one of the proven power generation technologies that have been in field application for
decades. As of 2016, 2#rcentof total installed natural geiged power generation capacity in the

United State$449 GW) was based only on CT technologd &3percentwas basedn combined cycle
technology (EIA 2017). With such widseale commercial deployment, this technolbgghadthe
opportunityto be testedo the highest level of TRL andRL criteria. Therefore, a TRL of 9 and MRL of
10areassigned to CT technolog)otethat research activities are ongoing to improve CT efficiency
through different performance development schesmhose new components under trial will have

lower TRLs. Forinstance, Siemens Energy is trying to impréwerotor component performance of gas
turbinesfor whicha TRL of 6 has been reported (NETL 2013).

4.3.2 Li-lon Batteries

More than 500 MW of stationatyi-ion batteriesveredeployed worldwide by the year 2QAghich
increased to,6529 MW by 2018Given their commercialization start in the early 1990gpn batteries
are prevalent across a variety of industries due to hingdirspecific energy, powgand performanceDue
to theincreased demand frothe electic automobile industry and tlmnsumer electroniasarket the
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price of this chemistry is expected to reduce furtfieASE 205). For this reasarit is a typical choice

for | arge install ments s u estalebatteryisalmtiomidSoutlt 00 MW, 12
Australia Spector201d or Fl exGends 10 MW, 42 MWhSpdetart t ery i n
2017b). There have also been successful deployments and demonstratiofsnogystems built for grid

support of distributed renewablep to several megawatts (EASE BpAilworth 2018 PG&E 2019.

According to Bloomberg New Energy Finance New Energy Out{BOEF 2018) over 1200 GW of
additionalLi-ion battery capacitys expected to be added by the year 2B30EF further predics that
nearly half of that capacity will be located behihémeter(BTM). Investments that are made over the
nextfew years are expected to take place in Asia and Europe predominantly with a combinsmbstotal
$544billion (BNEF 2018.

4.3.2.1 Capital Cost

Theprimary components ofla-ion battery include modules cormged of an assembly of celighich
compriseelectrodes, electrolyte, and separators. The battery system as a whole is built of a multitude of
modules as well asBMS and aPCS. Between 2010 an@27, battery prices decreased bypgdcent
reaching approximately $200/kWandit is predictedhe price will reach approximatel§96/kWh within

the next3 years (EASE2016.

Lahiri (2017)estimated the cost range for the 3@e Modules an8MS to be in theange of $326
$700/kWh, keeping thealuesbroad to accommodate technology differenéegiino et al. (2017placel
the value in a tighter range at $34a50/kWh for a MW/16 MWhLi-ion NMC system and a fully
installed cost estimatef between $9.1 million and $12.8 million. They also provide price estimates for
LFP andLTO systems at $34$590/kWhand$500 $850/kWh respectively

Table4.8 summarizegapital cost estimates from thierature Curry (2017) and Watanabe (2017)
provided estimates that wdmver than those cited previouslilowever the estimate provided urry
(2017)wasthe cost for only théatterycells and pack. Morris (2018) provides the lowest estimate at
$209/kWh for an EV battery packPRI (2017) estimateahinstalled cost 0$335 $530/kWh, which
includes thePCS, grid imegration and equipment, tax, feaad G&A costs. For a representativvaaur
case, the DC battery cost was@dcenbof total installed cost. Using this multiple, the DC battery cost
was estimatedlheresults are presentedTiable4.8.

Many of the sources located for estimating costs provided costs as total project averages rather than

broken down to estimate the costs iffeslent components of the batteries. A list of these costs, all

sourced from DNV GL (2017), is provided separatel¥able4.9. The average installecost was

$932/kWh, significantly higher than the EPRI estimates. The difference between installed costs and DC
battery cost for the EPRI work was $915/kW for-aotir Li-ion system, while our worlésses $1,110/kW

for the sum of BOP, C&C, and PCS costsisHifferenceamounts to only $49/kWh, not large enough to

explain the difference between the average installed cost reported by DNG VLaadoar EPRI 6 s wor
One explanation is that the systems liste@iable4.8 were small, and hence did not experience savings

through economies of scale. For this work, costs for LTO were not considered.
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Table 4.8. Capitalcost ofLi-ion batterysystems

Battery Capital Cost ($/kWh) Notes Source
$325$700 Includes DGSide Modules and BMS  Lahiri (2017)
$325%$450 NMC system DNV GL (2016)
$350$525 LFP system DNV GL (2016)
$500-$850 LTO system DNV GL (2016)
$340$450 NMC system Aquino et al. (2013)
$340$590 LFP system Aquino et al. (2013)
$500$850 LTO system Aguino et al. (2014)
$273 Includes cell and pack cost only Curry (2017)
$285 Watanabe (2017)
$540 Wright (2014)
$400 Greenspon (2017)
$573 Manuel (2014)
$300 Balance of system was $570/kW or  DiOrio et al. (2015)
$143/kWh
$409$662 DNV GL (2017)
$180%520 2015 cost NMC Kamath (2016)
$180%520 2015 cost NCA Kamath (2016)
$300$450 2015 LFP Kamath (2016)
$430-$1,000 2015LTO Kamath (2016)
$209-$343 Calculated from installed costs of Damato(2017)

$335 $530/kWh by sutractingPCS
grid integration and equipment, tax,
fees and G&A costs

Table 4.9. Totalaverageli-ion projectcostestimates bymanufacturer

Average Project Cost ($/kWh) Battery Provider
$785 Adara Power
$1,009 Energport Inc
$1,383 Green Charge Networks
$722 Greensmith
$736 LG Chem
$1,068 Lockheed Martin
$842 PowerSecure
$938 Princeton Power
$857 Sharp
$979 Tesla
$932 Average $/kWh

Becaus Li-ion battery costs have dropped significantly over the last 10 years, thertdglalues have

not been used in our estimation of DC battery system cost. Costs earlier than year 2016 were not
considered. Costs for ye2016 and 2017 were multiplied by 0.95 and &r@Spectively, assuming a

5 percent decrease in cost per year. While 5 percent appears low, this approach is appropriate because
only the low end of the cost rangbserved in theteraturewas considered. These storage DC battery
packs averaged $296/kWh.
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Data onLi-ion EV battery pack costereobtainedand are listedh Table4.10andTable4.11.

Table 4.10. EV batterycosts in the 201:2018time frame

Cost
($/kwWh)  Component Year Notes Source
$250300 EV pack 2018 EV Evertiq(2018)
$200 Pack 2018 EV Posawatz (2018)
$209 Pack 2017 EV Chediak (2017)
$236 Pack 2017 (16% EV industrywide Eckert (2018)
annual decline) average
$190 Pack 2018 EV Tesla Safari (2018)
$250 Pack 2016 EV
$227 Pack 2016 EV Lambert (2017)
$200250 Pack 2016 EV Lacey (2016)
Table 4.11. Total EV packcost forvarious EVs in 2018
Total EV
Pack Cost$  $/kWh EV Pack E/P Vehicle Type Source

$4,500 $253 55 kW /17.6 kWh Smart

$6,000 $250 80 kW / 24 kWh Nissan Visia Safari

$6,000 $200 80kW/30kWh Nissan Acenta  (2018)

$5,900 $268 65 kW /22 kWh  Renault Zoe

EV pack costs were multiplied by a factirl.1 to reflect an estimated p@rcentincrease in cost for
containerization of the packs used in storage applicatidris assumption isased oran analysis of
costsbroken down byheirindividual componentsuch as labor, material, and overhe@® 018;

ECPC 2018 Only costs for year2016 2018 were considerednd the2016 and 2017 costgere

multiplied by 0.95 and 0.95respectively. EV packs with the three lowest costs were removed from the
analysis. The average of the adjusted@¢k costs was $256/kWh. The weighted averagleeo$torage
and adjusted EV battery cost was $271/kWh. Using the PCS, 8@RC&C costs, the Libn battery
system cost for 2018 wastimatedo be$469kWh.

4.3.2.2 Fixed and Variable Operations and Maintenance Costs

Li-ion systems have a typicatablelife of approximately 10 years and require major maintenance on the
battery system usually every 5 to 8 years to remain opera{Balalucci et al. 2017)Aquino etal.

(2017) estimate the fixe@&M cost to be in the range of §6L4/kWyr for their AMW/16 MWh NMC
systemandthe variable costo be$0.0003/kWh for a system of the same slzhiri (2017) provides a
similarly close estimate $6/ $12/kW-yrd with major maintenance costing in the range of $150
$400/kW.A fixed O&M cost of $10/kWyr and variable O&M costf $0.0003/kWh have been used in

this study for all battery technologjesith a reduction of fixed O&M costs to $8/kW by 2@5.

Table4.12 provides informatioraboutthe fixed andvariable O&Mcosts ofLi-ion battery systems.
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Table 4.12. Fixed andvariable O&Mcosts ofLi-ion batte'y systems

Fixed O&M Variable O&M

Cost ($/kW) Cost ($/kwWh) Notes Source
$6-$12 $0.0003 Excludes major maintenancest Lahiri (2017)
$6-$14 $0.0003 Excludes major maintenance co: Aquino et al. (2017)

$10 Manuel (2014)
$20 DiOrio et al.(2015)
£10 Newbery (2016)

4.3.2.3 Cycles, Lifespan, and Efficiency

While Li-ion technology is considered the most mature of battery storage technologies, improvements
will continue to be made that will increase the calendar life, energy density, and number of cydles the
ion technologysystens arecapable of providinglable4.13 shows estimations for different efficiency

and life parameters across a rangeitafd studiesOn average, most of the literature places the life years
in the range of 1i®0 yearsmoreof the literature estimates life yeans the lower end anddicates the
need formajor maintenance and battery replacement to keep the system operational. & et
estimates was provided throughout the literatGreenspoon (2017) provedthe lowest estimaterange

at 400 1,200 cycles and DiOrio el. (2015) plaedthe capability at 5,475 cycles when ap&centDoD

is assumedwith respect to RTEestmatesas low of 77 percentand as high as 9Q&rcentwere reported
PNNL testing of grieéscale batteries yielded an ASC RTE of83i 87 percentover 1.5 years of testing,
while RTE for a battery >5 years old wasg@&rcent While each of these are differeafitemistries, this is

an example of the deterioration of Rofzertime. A system RTE of 8fercentwas used in this worl&

cycle life of 3500 at 8(percentDoD andcalendar life of 10 yeamserealso assumed\ PCS RTE of

96 percentwas assumed for akthnologies.

Table4.13 provides informatioraboutthe cycles, life years, and RTE lof-ion battery systems.

Table 4.13. Cycles,life years, andoundtrip efficiency of Li-ion batterysystems

DC-DC
Round-
Life Trip
Cycles Years Efficiency Notes Source
2,500 15 May et al. (2018)
3,500 10 77-85% Aquino et al. (2017)
10 83% Manuel (2014)
400-1,200 80-90% Greenspoon (2017)
9 89% Based oran AGAC RTE of Newbery (2016)
85% and 0.96 factor
5,475 at 70% DoD 92% DiOrio et al. (2015)
2,00610,000 1520 90-98%  Not including auxiliary loads EASE (2016)
87-91%  Three different battery Grid-scale testing of batteries by
chemistries AGAC RTE of  PNNL at vaious utilities funded
83-87% by Washngton Clean Energy

Funds/DOEOE
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4.3.2.4  Technology and Manufacturing Readiness Level s

The commercialization dfi-ion batteries began in trearly 1990s through a wide variety of applications

and sizes. With the scale of deployment reaching the level it has, the technology has been tested
thoroughly across deployments of all scales up to the higher levels of both the TRL and MRL scales. For
this reaon,Li-ion batteries receive a TRL of 8 and an MRL of 9. It is predicted that by 2025, those
numbers will rise to 9 and 10, respectively.

4.3.3 Lead-Acid Batteries

Leadacidbatteries are used across a wide variety of applications but are not typically feamalin
portable systems.eadacid batteries are of two main types of desftpuded (vented leadcid[VLA])
and valveregulated leadcid (VRLA). The technology typically has a power rangeap to a few
megawatts and an energy ramgep to 10 MWh. Abenefit of the VRLA technology option its lack of
maintenance requiremerdsmpared to the VLA counterpafverall, the technology offers efficient
performance at a relatively low cost atgladoption is expected to become more widespread over the
coming years (EASR016.

A manufacturer of a VLA batteryltrabattery listed the following as advantages to tbadacid system:

9 high cumulative energy throughput

1 high cycle life ina partial SOCcycling regime at various rates
1 good charge acceptance leading to faster recharge

9 uniform celkto-cell behavior

Ultrabatterycomparsthe VLA system to the maintenanfree VRLA system by claiming it has a
considerabl more energy throughput at only @ércentboD. Furthermore, they state that tests using a
AMi HE¥ duty c yerdemhighegthroughputh@nthelLi-iontechndogy. Currently there

is a 3BMW Ultrabattery system connected to the PJM interconnection in Pennsylvania that cefoprise
strings of cells. Th&SSis used to provide frequency regulation to the gvich& 2014).

Information gathered from Enersys, atdaional battery manufacturdandicatedthat whileleadacid
batteries may not be the best technology for applications such as frequency regutatiomave highly
volatile signals, they are a ceaffective solution for applications such as loaddwihg and time
shifting. Furthermordgeadacidbatteries have a 99% recyclability ratich offers another incentive
over competing technologi€gechy 2018.

4.3.3.1 Capital Cost

Both of the subtypes ddéadacid batteries consist of a grid plate for the pessieélectrodes and either
copper or lead grids for the negative electrodes. The battery cells taarbennected to form large
battery systems. Just as with tlieion battery, thdeadacidsystem also requires a PCS as one of the
components necessdor operation.

Reviewing theavailableliterature doutthis technologyevealeda range of costs for capital. Aquinoakt
(2017b)estimated the battery cost to be in tRO® $500kWh rangethe PCS andystem controlsost
was estimated to kapproximately $50' $350kWh andelectricBOP costo bebetween 80and
$120kW. The same repogredicted thaC&C costsfor the system would be between $1$080/kW. In
comparison, PowerTech Systems (2015) provided a cost estinmatly &183/kW for al00-kWh
system, of which only 50 kWh was considered usdephjapphaadorn et al. (2014and May edal.
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(2018) provided estimates similar to PowerTech Systems (2015) at $120/kWh and $150/kWh,
respectivelyKamath (2015) provided anteésateon the lower end of the cost rargte$400/kWh
Capital cost of $260/kWh was assumed for this work.

Table4.14 lists capital cost estimates and their sources fotahdacidtechnology.

Table 4.14. Capitalcost ofleadacid batterysystems

Battery Capital Cost

($/kwh) Notes Source
$200-500 $150$350/kWfor PCS Aguino et al. (201)
$1839 100 kWh installed, 50 kWh usable Power Tech Systems (2015)
$120 Anuphjappharadorn etl. (2014)
$400$700 Kamath (205)
$160-$240 $400-$600/kWhinstalled. Remove PCS, May et al. (2018)
BOP, and C&C costs
a1 €00 For up to 10 MWh EASE @016
$240 12V, >150 Ah module Quote received from a vendor

(a) $183obtained from converting 158iros to US. dollars at a 1.11 g{ro ratia

4.3.3.2 Fixed and Variable Operations and Maintenance Costs

A benefit of the VRLA technologis the lack of maintenance requiremenmtswever,Aquino etal.
(2017) estimate the fixed O&M co$br an advancetkadacidbattery combined with an asymmetric
supercapacitaio be inthe range of & $15/kW-yr with variable cost at an estimated $0.0003/kWbte
that fixed and variable O&M were kept the same for all battery technolegieescribed in thie -ion
O&M section.

4.3.3.3 Cycles, Lifespan, and Efficiency

Leadacid systemb&avea shortereconomic life tharki-ion batteres Leadacid batteries are primarily
used for resource adequacy or capacity applications due to theicytielife and their limited
degradation rate. It is believed that higher use of the system caigée it to have a higher degradation
rate than other battery systersgch ad.i-ion battery system@Aquino etal. 2018). Table4.15 shows

the battery parameter data tharecollected for this technology.

The cycle life at 8@ercentDoD of leadacid batteries is in the 600 t250 rangeandthe higher values
reportedn Table4.15 haw less reliability. Assuming 350 cycles pgrar, this leads to a life in the range
of 1.4 to 3.6 years. Whileadacidbatteries can havemger lie when subjected to loweraD or for

float applications, for thiseport a life 0f2.6 years has been assigned. While spiratiynd leaéacid

cells have greatd®TE due to lower internal resistance, due to higher cost, this work asanmesrgy
dense ell designand amassociated lower RTE. Hen@DC-DC RTE of 75percents assumed.

Table4.15 shows the cycles, life years, and RTE of laal systemdNote that the values observiey

May etal. (2018) are outliers in comparison to what is seen elsewhere in the literature abddrahedt

out of the values used tterivethe resulting values presented in this report. Nevertheless, they have been
included in the table belowA system RTE of 7percentwas used in this work, while cycle life was
assumed to be 900 cycles.aMate d 350 cycles per year, this translated to 2.6 years of battery life.
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Thus, while leaehcid systems are lower in initial capital costtive toall the battery technologies
considered in this repotheir full life -cycle costs are comparaliteLi-ion batery systems.

Table 4.15. Cycles,lifespan, andoundtrip efficiency of leadacid batteries

Round-Trip
Cycles Life Years Efficiency Source
500 (at 50% DoD) 5.2 Power Tech Systems (2015)
1.52 75% Anuphjappharadorn etl. (2014)
600 (at 80% DoD) DiOrio et al.(2015)
1,250 (at 80% DoD) BAES (2011)
2,000 15 79-84% May et al. (2018)
600 C&D Technologies, Inc. (2012)
1200 20 95 C&D Technologies, Inc. (2015)

4.3.3.4  Technology and Manufacturing Readiness Levels

Traditionalleadacid technology is one of the more mature electrochemical systems ayitatdyer
numeroushangesnade to create improvements over the ybake ledo more advanced but less
mature systems. Typicalltheleadacidsystem has low coster other system$ut also- lower calendar
andcyclelivesespecially at high in comparison to the prevaléat-ion technology as well asalow
energy densitywhich makes it less competitive as a prodHictwever, die to the long timespan over
which research and upgrades have been made, it is assigned TRL and MRa&f [8\aisl 9,
respectivelythe same ashoseof the Li-ion technology

434 Redox Flow Batteries

Redox flow batteries offer a very different type of systifxanthe other battery systerdgscribedn this
report. Theflow batteryis commsed oftwo tanks of electrolyte soluti@none for the cathode and the
other for the anode. Electrolyte is thesssedy a membran¢o store and generate energje
technology isstill in the early phases of commercialization compareddce maturdattery systems
such ad.i-ion and leaeacid however redox flow batteriesffer advantagesver competitive sysies
such as long lifecycles, low temperature ranges for operatinteasy scalability.

Vanadium redox flow batteries are primarily commercializea fgwcompaniesthe U.S-based
UniEnergy Technolog@UET) and Vionx Energythe Germarbased Gildemeisteand Sumitomo
Electric from JaparnTo compete withLi-ion, these manufacturers have begun motingardoff-the-
shelf systems as opposed to custom ones. UET also offensanty up to 25 years, with the rate
escalating in year 2(Aquino etal. 20173

4.3.4.1 Capital Cost

The capital component of a flow battery includes the electrolyte solution, membrartiee Aydraulic
pumps necessary to push the solution from one tank to the other. The batterycaysbentompsed of
different design varianthat can be stacked together to build systdrashavdarger capacities.

RedT Energy Storage (2018) and Uhrigiei(2016) both state that the st a vanadium redox flow
battery systerareapproximately $49&Wh or $400/kWh, respectively. Aquino et al. (2@)L éstimated

4.18



the priceat a higher value of beeen $73(tkWwh and $1,200/kWh wheimcludingPCS cosand a

$131/kWh performance guarant&emoving these costs led to a rang&®f2 $952/kWh. Zine

bromide flow battery systems were not considéndtiis analysiglue to lack of available information
andstability related to zinc plating with associated dendyitavth.Volterion (Seipp 2018) estimated
800euros/kW for their stack modules inclusive of control units. Our internal work indicates fooar4
system, the stacks are B&rcentof the DC system cost. Hence the system cost is estimated to be
$676/kWh der convertingeuros toUSD and usinghe E/P ratio of four. Negermstack costs were
estimated to be 508uros/kW, translating to $488/kWh assuming stacks cost 30% of DC sy&tk.

costs were estimated to be 2800s/kW, whichcorresponds to $293/kWh assuming stack costs are only
25 percentof DC system cost.

An average cost of $588Vh was used for year 2018, witt88 percentreduction to $39&Wh
anticipated for 2025.

Table4.16 shows the capital costs of a selection of literature

Table 4.16. Capitalcosts forredoxflow batteries

Battery Capital

Cost ($/kWh) Notes Source
$490 5 kW, 20 kWh RedT Energy Storage (2018)
$444 400 Euros Uhrig et al. (2016)
$463 Noack et al. (2016)
$730$1,200 l]nucalltrjgﬁtsegcs cost and $131/kWh performance Aquino et al. (2013)
$542952 After removing PCS angerformance guarantee cos Aquino et al. (2018)
$500$700 DNV GL (2016)
$468 Selmon & Wynne (2017)

PNNL calculationsg increased energy cost by 10% t Viswanatharetal. (2014),
account for lower DoD than the 80% DoD used for Crawfordetal. (2015)

$435584 the calculations. Increadeost by 186 to account for
container, DC controls, BMS
$357.552 $570%$910 forinstalled cost. Removed PCS, grid Damato(2017)

integration and equipment tax, feaad G&A costs

Volterion stack costs including control units was 80 Seipp (2018)
$676 Euros/kW. Conversion toS dollarsand using stack

costs as 35% dPC system cost.

Volterion midterm stack costs mid-term was not Seipp (2018)
specified, it may be assumed to be 2021

Based on stack cost of $250/kW, a 69% reduction 1 Seipp (2018)
to R&D.

$488

$293

4.3.4.2 Fixed and Variable Operations and Maintenance Costs

Aquino et al. (201d) estimates that the fixed O&M for a vanadium redox flow battery system is
somewhere between #F16/kW-yr and that the variable O&M cost is the same as other systems at
$0.0003/kWh. Due to lack ofinformation and reliability for O&M costs, the same O&M costs were used
across all battery technologias mentioned previouslyhe O&M costs are at least as high as other
battery technologies duetioefi g r 0 wi n @ssopiaevithsa aewlyemerged tdmology.
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4.3.4.3 Cycles, Lifespan, and Efficiency

Redox flow systems typically have a longer lifespan than other electrochemical battery systems
their lack of sensitivity to temperaturasd the fact that charge transfeactions occur as redox reactions
in solution with the solid electrodes simply providing a path for electron trangpag avoiding the
stress experienced by conventional batteryteldes during cyclingAquino et al. (201&) estimate the

life to be 15 yearwith an RTE of 65 78 perentfor the vanadium redox flow battefgyASE 016, on

the other handhlacestherangescapabé for a generic flow batterglightly higher at aisable lifeof 10i
20years and mRTE of 70 75 percentwhen battery system auxiliatyadis included inthe DC-DC
calculation.Uhrig et al. (2016jveresimilar in their estimation withreRTE estimate of 70.percentfor

the vanadium redox flowlesting ofUET flow batteriedoy PNNL has shown an aihclusive RTE of

65 percentat the 4h rate. An AC-AC RTE of 67.5percenthas been assigned to this system.

For flow batteries, there isiaptimal spofor operation thathanges with stack design andPEAtio.
While stack performance improves at lowewer levels, the nearly fixed overhead due to pumping
operation results in varying RTE as a functiors@fC stack desigrand E/P ratio.

Vanadium redox flow batteries have a cycle life-ta0,000 cycles and an anticipated lifexdb years

(May etal. 2018 Greenspon 20)7EASE (205) states that they expect redox flow batteries to be

capable of providing >12,000 cycles at an unknown depth of discharge. Aquino et &) (20%itle

much more conservative estimates at 5,000 and 3,000 cycles for vamauditmimebromide,

respectively. While the electrolyte is ndegradable when used properly, the stack may need replacement
as time goes on

For this work, a cyclefle of 19000 cycles at 8percentDoD, a calendar life of 15 years, amadystem
RTE of 675 percentwereassumed for 201&ndthe system RTHs expected to increase to pércent by
2025

Table4.17 shows cycle, lifespan, and RTE from the literafioreredox flow batteries

Table 4.17. Cycles,life years androundtrip efficiency of redoxflow batteries

Cycles Life Years RTE Source
5,000 14 65-78% Aquino et al. (2017)
10,000 15 70%  May et al. (2018)

>12,000 10-20 70-75% EASE (2016)
70.5% Uhrig et al. (2016)

>10,000 20-30 7580% Greenspon (2017)

10,000 15 70%  May et al.(2018)

4.3.4.4  Technology and Manufacturing Readiness Levels

In recent years, redox flow batteries have gained high prominence due to their flexible characteristics and
long cycle lives (Herman 2003; Rastler 2010). They were originally developed in theat@f8sent
innovations and improvemeritaive beemade to further address components that could increase the
RTEto make the systems more competitivanLi-ion systems given their current high c@derman

2003; Rastler 2010Redox flow batteries have beassigned a TRL of 7 and an MRL of 8 after a review

of the literature and the state of commercialization.
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4.35 Sodium -Sulfur Batteries

Sodiumsulfur batteriesarematureelectrochemical energy storage devices with {@glrgy densities
According to Aquino et al. (208, they are primarily provided by a single Japareased vendér

NGK Insulator® which, to datehas installed 450 MW of the technology worldwide. N@K battery

typically consists of a set diventy50 kW and 100 kWh modules for one battery, allowing for systems

that reach into severalegawat. It is a welldemonstrated technologydthe largest installation to date

is a 34MW/245 MWh system located in @mari, Japaywhich was installed for wind stabilizatioho

maintain the molten state of the battery, the system is typically kept at temperatures between 300°C and
350°C.Due to these high operating temperatures and the associated safety requireinéstinitiogy

is typically suitable for nommobile applications (EASE019.

4351 Capital Cost

The basic components of a sodisaifur battery unit includa system built from a large combination of
modulesa control systemanda PCS. A variety of literature was consulted to estimate the current capital
cost. For this system, the estimated cost appears to be approximately $750/kWh when results were
averaged across the collected literatdguino et al. (201&) provideda rangeof capital cost values for a

4 MW/16 MWh system with the low end being $500/kWh tqGRID/kWh for just the battery cost. PCS
andpower control system costs were estimated to be between $580/kW and $870/kW. Kamath (2016)
estimated the battery system costgeto be slightly lower between $4081,000/kWh while DNV GL

(2016) estimatedt to behigher at $800/kWi$1,000/kWh.The PCS cost was in the $58870/kW

range DNV GL 2016), while the costs fdri-ion wastwice as low

For this work, a PCS cost range$230 $470/kW was used for 201Bgcausehere is no compelling
reason to assume PCS costs will not reach a balance across all DC battery techi@dogirathan

etal. (2013)reported a cost of $415/kWh for ehdur system. Sincémited information & available since
then, this value is also used as a data point, with@edd®ntincrease accounting for the lower E/P ratio
(or higher rate of discharge). An average cost of $661/kWh was determined fao2dli@sulfur costs,
with a2025 cost 0$465/kWh assuming a decrease op&dcent

Table4.18 provides capital cost estimaties sodiumsulfur batteriegrom the literature.

Table 4.18. Capitalcosts ofsodiumsulfur batterysystems

Battery Capital Cost

($/kwWh) Notes Source
$500$1,000 AMW/16 MWh  Aquino et al. (201
$400$1,000 Kamath (2016)
$800$1,000 DNV GL (2016)

$500 Crowe(2011)
$319 Liu et al. (2014)
$455 Viswanathan et a(2013)
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4.35.2 Fixed and Variable Operations and Maintenance Costs

A limited number of sources provided estimates for the O&M costsdodimmsulfur battery system.
Among those that were found include an estimate by Aquino et al.d26f%7i 15/kW-year for fixed
O&M and no estimate was provided for variable. DSV (2016) estimated that tHixed cost range was
narrowerto bebetween $7$12/kW-year.

4.3.5.3 Cycles, Lifespan, and Efficiency

DNV GL (2016) and Aquino et al. (204)7both estimated the lifespan ofadiumsulfur system to be

15years, putting it at a longer usable life tharion but shorter than redox flow. EASEQ16 similarly
estimated the lifespan to be under the range of 15 years. The estimates for cycle life were all in the same
approximate range of 4,000 to 4,500 cydgsept for EASE (208), which gave a range of 2,000 to

5,000 cyclesThe NaS batterywas assumed to have a cycle life @f3D cycles at 8PercentDoD.

Regarding RTE, the ranges found in the literature were tighter than for other technologies wiGLDNV
(2016) providing 7percent Aquino et al. (2018) giving a range of 783 percentand EASE (2016)
providing a range of 185 percent Assuming a DEDC RTE of 80percent this corresponds to an RTE

of 77 percenon an ACAC basis. Furthemadjusting for 4hour discharge as opposed thaur discharge,
we have assigned an AC RTE of 0.5 for theNaSsystento account for higher electrochemical losses
at a higher raté/Vhile the DC response time is on the ordeseveral milliseconds for most batteries, the
AC response time was set to 1, determined by PCS response time.

Table4.19 shows cycle, lifespan, and ETfromthe literature for Na®atteries.

Table 4.19. Cycles,life years, andoundtrip efficiency of sodium-sulfur batteries

Round-Trip
Cycles Life Years Efficiency Source
15 7% DNV GL (2016)
4,500 15 77-83% Aguino et al. (2014)
4,000 10 77% May et al. (2018)
2,0005,000 15 75-85% EASE (2016)

4.3.5.4 Technology and Manufacturing Readiness Levels

Sodiumsulfur batteries have been manufactured in Japan since thel@@@y. Since thethe technology

has been demonstrated at over 190 sitesavigh 350 MW of capacity installed. Besides Japan, in 2010
there was 9 MW worth ddodiumsulfur capacity installed justithin the United States to be used for

peak shaving, wind capacity firmingndother applications (EASE016. Due to the multiple decades of
development for this technology, the TRL and MRL levels can be estimated at 8 and 9, respectively, with
estimats for 2025 rising to 9 and 10.

4.3.6  Sodium Metal Halide Batteries
Sodium metal halidbatteries, also known as sodiumickelchloride or zebréatteries have primarily
been introduced into the electrical storage markeEfbusage. The battery sizes themssliavea

smaller rangéhansome of the other electrochemical storage systdmagormerfall in the capacity
range ofbetween a few kWh to a few MWANd havea high level of scalability and flexibility. Compared
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to other batteriesuch as sodiuraulfurthat run at high temperatures, the sodium metal halide battery has
a lower temperature range between2ad 350C; however the system still requires indepemde

heaters tonaintainthe molten state necessary for operafloarina et al. 2013)Overall the technology

has a high performan@nddurability level with low sensitivity to ambient temperatthiat makes it an
attractiveenergy storage optioDue totheir flexibility, sodium metal halide batteries are capable of

being used across a large variety of applicatiméuding EVsand public transportation, residential and
commercial buildings, renewable generation smoothingp#mets(EASE 20186.

4.3.6.1 Capital Cost

The sodium metal halide system consists of a positive electrode made of nickel and sodium chloride and a
sodiumanode These components aeparated by a ceramic wall. The battery systems arecsechpf

modules that are assembled together ttedba battery up to the desired capacity value. Like other
electrochemical systems, the sodium metal halide battery also requires a PCS.

EASE Q016 estimates the cost of this system to be approximatelyi $850/kWh for aypical system

that is severainegawats. May et al. (2018) estimated the range for the average project cost to be
somewhere between $75K1,000/kWh.Mirardi (2018) provided a cost estimdte their BESS
SPRING164670 kW, 12 MWh dc systenof 500eurogkWh, which converted at thate of $1.167&uro

(as of July 12, 2018) amounts to $584/kWh. For this work, $700/kWh was used for 2018 capital cost,
with an anticipated 3fercentdrop to $482/kWh b025.PNNL has developed planar cells tlaag¢
expected to drive cost down to $150/k\Wvhile use of Fe instead of Ni is expected to drive cost down
further to $100/kWh (Li 2018)The TRL for the PNNL technology onsidered to bat 5, hence it has

not beerincluded However, if the manufacturability of this planar design can be deratedtthe

sodium metal halide battery could be a leading candidate for storage.

4.3.6.2 Fixed and Variable Operations and Maintenance Costs
No estimates were found for this technology in the literature.
4.3.6.3 Cycles, Lifespan, and Efficiency

A variety of estimatewrere provided for RTE for this type of battery technology. EASB1H estimates

it to besomewhere between 886 percentand both Li (2018) and Benato et al. (2015) follow similarly
with 92 percentand90 percent respectivelyMiraldi (2018) reportedmRTE of 79 percentat rated power
and88 percentat rated energyBecaus this report focuses on ahbur application, and discharge at rated
power corresponds to 2 hours, it is appropriate to uge&#nias the relevant numheviay etal. (2018)
estimatethe valueto belower at 75 percenthis work uses ®C-DC RTE of 86.5 percerdandan
associated\C-AC RTE of 83percent

Regarding cyclesnostof the literature reviewed estimated the value to be somewhere in the 3,500 to
4,500 cycle rangeSolarquotes (201§)rovidedthe lower estimate and EASE (B)brovidedthe higher.

A cycle life of 3,500 cycles was assumerhe life of this system ranged from 10 years (Li 2018

May 2018) to 15 yearBenato 2015Miraldi 2018). A life of 12.5 years was assumied this work

Table4.20 provides cycles, life years, and RTE for sodium metal halide batteries found in thariterat
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Table 4.20. Cycles,life years, andoundtrip efficiency of sodiummetalhalide batteries

Cycles Life Years Round-Trip Efficiency Source

4,500 15 88% Miraldi (2018)

4,500 <15 80-95% EASE (2016)

4,500 15 89% Benato et al. (2015)

4,000 10 75% May et al. (2018)
92% Li (2018)

3,500 Solarquotes (2018)

4.3.6.4

Sodium metal halide batteries have only been in use since 1999. Since then thEyniey been
manufactured in Europe and the United States with projects taking plaiteioontinents as well.

Technology and Manufacturing Readiness

Levels

There is still a substantial amount of potential for developmiethte technology given the short amount
of time it has been manufacturedmpared to other systems. The TRL for this technology is slightly

lower than other electrochemical counterparts at BRhd isexpecedto rise to TRL 8 by 2025This

technology is considered to be MRland havehe potential to rise to MRL 9 by 2025.

4.3.7

Thezinechy br i d

cat hode

Zinc -Hybrid Cathode Batteries

battery,

named AZnyt ho

battery

EoS (EoS 2017), is a higlenergy density storage technology that uses inexpensive and widely available
materials and thereforeould be supplied atlaw cost. It uses neflammable, neaneutral pH aqueous

electrolyte which is nondendritic and does not absararbon dioxide €CO,), eliminating carbonate

clogging issueThere are a number of manufacturers exploring this tecondhcluding Urban Electric
Power (ZAMno2), ZAF System&ZincFive (ZnNi), and NantEnergy (Zindir). Limited information on
these systems was availabdgarding cost or performandeowever information onthe EoS system was
most complete anserved as thprimarily source of informatioffor this technology.

4.3.7.1 Capital Cost

According tothe EoS website cost calculator, the DC battery system is price2l6ak\Wh as of 2018 for
a 1MW/4 MWh systemincluding the batteries mounteaid wired, the energy stack outdeated

enclosure, BMSandaoneyear warranty. It does not include PEC=.C, or shipping estimate3he
calculator also estimates cost for various multiples of the 250 kw/1,000 kWh units as shown in

Table4.21. Up to 750 kW3,000 kWh, the capital cost was projected to be $263/kWh, followed by a drop
to $212/kWh at 1,000 kW and higher.

Table 4.21. Zinc-hybrid cathodebatterycost byenergyto-powerratio.

kw

kWh

$/kwWh

Baseplate $/kWh
Total $/kWh
Total cost $

250
1,000
250
13
263

263,000

500 750 1,000 2,000
2,000 3,000 4,000 8,000
250 250 200 200

13 13 12 12

263 263 212 212
526,000 789,000 848,000 1,696,000
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Correspondence with EoS (Yang 2018) provided the following information regarding a SO0/KWWAY2
zinc-hybrid cathode system:

1 $225/kWh for the energy stack that includes batteries, racking, contamaebuilding
1 $40/kWh for the DC control box

A cost of $265/kWh was used for 2018 in this analysis

In subsequent communication, the 2022 cost was projected to be $166#tths work the
researcherbave used $192/kWh for 2025 drop of 24 percent.

4.3.7.2 Fixed and Variable Operations and Maintenance Costs

Regarding variable O&M, discussions witlang (2018) gave eost of$2/kWhfor the year 2022. For
this work, theresearch team hawatigned O&M costawith other battery technologies

4.3.7.3 Cycles, Lifespan, and Efficiency

EoS claims a RTEof more than 7percentat 100percentDoD. It is projected to endure@@O cycles at
100% oD, or a 15year calendar lifeThe DC-DC RTE projections for 2022vasstatedio be75 percent
from Yang (2018)while tre DC response time was a few milliseconds tadrptver.For this work, the
AC-AC RTE was assumed to be 72 percent, while AC response time was assumegéodyel 1

4.3.7.4 Technology and Manufacturing Readiness Levels

Thusfar, EoS-manufactured Znyth batteries have been instaltenhly two siteshboth in 2017. Based on
the number of installations and length of operating experjeneL value offive and MRL value ofix
areassigned to this technology.

4.3.8 Pumped Storage Hydro power

PSH units are resources that are sought for their ability to provide bulk power and ancillary services to the
grid at a low $/kW ratePSHis a wellestablished technology that has existed over a century. With that
noted, the technology continueseolve, as highlighted in this section. P8Hersquick

synchronization, short response time, Hrelversatility to serve as both a load and a generBtspite

these benefits, however, deployments of the technology have statfednited Statesindsome other
marketsin recent years due to lart@al capital costsequiring funding of hundreds of millions of

dollars theuncertainty of future market demand conditicssdenvironmental considerations that arise
from the nature of the technologBalducci et al. 2018)Despite these challengd3SH plants are well
suited to support variable renewable generation. For exahhglies Pump Storage Hydro uses-ater
water storage to geneegglectricity when the demand is higher and pampen there isower energy
demand (Yeung 2008)ntil 2013, pumping energy consumption took plamstly duringnight hours

In recent yeardyowever pumping during daytime houtss expanded significantly and in 2016 and 2017
surpassed nigkitme pumpingEnergy stored during daytime hours is now used to meet significant
ramping requirementcausedy a sharp increase in net load tlvacurs wherproduction from solar units
falls as the sun begins to $BIOE 201 7).

PSH is very efficient in ensuring renalble energy supply is smoothed out over periods of peak energy
demand. Solar and wind energy require availability of certain climatic conditions to ensure uninterrupted
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supply, which is not always prese(ESMAP 2015). PSH can store the electricity gemeratl these
resources and supply it when there is peak load energy dethasgbroviding balancing services
(Rehman et al. 2015

Despitethelack of recent deploymentBSH providesnorethan97 percentof all installed capacity of
energy storagéDOE 20183). Internationally, PSH capacity is expected to increase 26 GW between 2018
and 2023 (IEA 2019PSH can be used to reduce or eliminate wind curtailment in areas with significant
wind power and low amousibf grid-scale storage. There was a p&rcentincrease in renewable
curtailment in California irspring 2017 from a year earliefhe California Independent System Operator
expects this trend to continue unless there is significanisgete storage to addras$CAISO 2017)

The 2016 Hydrpower Vision ReporttatesthatPSHmay not be fullyalued in the wholesaleectricity

and ancillary services marlsethusslowing down project deployme(OE 2016b) The report also
stateghatthere is growth potential of 16.2 GW by 2030, and andtBe8 GW by 205@inder favorable
market conditionsto increase deployments from the present 21.6 GW (2016) to 56 GW byX0&0
2016b) Hence state andederal regulatory and market policy changes are essentaitiancing the
viability of new PSH prjects, especially in regionghererenewable penetratidacks grid-scale storage.

PSH plants generally fall withithree categories of technoladixed, variable, and ternary. Fixed speed

(also referred to as singpeed) involves a PSH plant thabidy capable of pumpig wat er i n fbl c
of power thatare noradjustable. Variablspeed PSH units, on the other hand, were introduced to

incorporate the technological capability of adjusting the rate at which water is pumped in order to provide
regulatbn serviced a use case that is unattainable with fixed speed (NHA 20#&imary technology

consists of a PSH urthatallows for higher flexibility and improved efficiency by incorporating a

separate turbine and pump on a single shaft along with theag@n@oritarov et al. 2013Recent years

have brought new approaches to the technology. Some examples include the following:

91 Obermeyer Hydro Accessories, Inc. is working towards the installation of a submersible permanent
magnet motor generator with exgible pump turbines (DOE 204)7

9 The National Renewable Energy LaboratdREL) will incorporate advanced control equipment to
their ternary pumped storage unit to improve renewable integration methods. This project is working
towards the development afproof of concept (DOE 20kyY.

9 ORNL is working towards the developmenttbé Ground Level Integrated Diverse Energy Storage
(GLIDES) project. It is a modular system that combines compressed air technology with pumped
storage (DOE 2019).

Per thel.S. Hydropower Market Repo017 UpdatéDOE 201738), by the end of 2016 there were

38 PSH projects in some stage of development, 32 of which were in the process of completing feasibility
studies. Onca preliminary permiaipplication is approvedievelopers harthe abilityto retain first

rights to submitting license applicatioWhile it is not necessary for a preliminary permit to be

submitted prior to a license applicationgstprojects go through this phase to estdbthe right to a

license for the prgect prior to other applicants and possibly to enghgd-ederal Energy Regulatory
CommissionFERC)from the onset of the projeERC 2018h)

The following describes a selection of notable PSH pléoth in development and in operation:

1 The Helms Plant, in operation in the PG&E area since 1984, takes eight minutes to go from stopped
to operational modendis not ablgo use excess generation capacity to pump water in reservoirs due
to transmissiomronstraints. Hence, it is important to address this issue to use PSH plants effectively.
The projectuses offriver water storage to generate electricity when the demand is higher and pumps
when there is lower energy demand (Yeung 2008)
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i The Castaicplantn t he Los Angel es area, i n operation si
and refurbishingo from 2004 to 2013, which appeec
the O&M costs were minimgDoughty et al. 2016)

1 TheEagle Mountan PSH project is expected to be online by 2025, with an expected storage duration
of 12 to 18 hours at,300 MW (DOE 2018).

9 Other new developments include the one in Southern California, which consists-bbanBSH
unit being planned at the San Mite Reservoir in San Diego. The pump house is expected to have
four 125MW reversible pumgurbines (Nikolewski 2017)

Retrofiting of older plats to improve performandacludes major upgrades such as expansion of the
powerhousand hydraulic redesigiHenryet al.2013; Cavazzizi 2014; Vali & Nysveen2018).There

are plans to convert fixed speed to adjustapkeed or variablspeed PSH; howevetping soresults ina

20 to 30 percent increase in cost for the electrical and mechagigaiment, along with potential
increassin powerhouse volume and evaluation of civil structure to accommodate larger and heavier
machinery(Manwaring 2018j Such upgrades need to be congdemn a casby-case basis for their
economidfeasibility. An overall project cost increase of 7 to 15 percent is estimated for adjusyeald
PSH over fixed speedndthe electromechanical equipment desstimated to be 60 to 100 percent
higher(DOE 2015;Botterud et al2014) An estimatdbased on the varioustegories for cost increaise
presentedn Table4.22.

Table 4.22. Estimatedcostincrease (%) fovariablespeed PSH ovediixed-speed PSH

Estimated Increase for

ltem Variable Speed
Turbine upgrade (means pump + turbine) 30%
Motor-generator upgrade 60 to 100%
Electrical redesign (assign to electrical and mechanical hardware) 30%
Powerhouse civil 30%
Hydraulic redesign (assign to tunnels civil) 20%

When looking at the performance of different units, the RTE for PSH can be approximated by the product
of pumping and generating efficiency, excluding losses degdporationtlomer Energy 2008 The

RTE varies from 6(Qoercentor older systems to 8@ercentfor newer designsrhe same reference

described some PSH projects as part eNbvember 20130int Workshop with the California Energy
Commissiorand CPUC (D& 201D).

The RTE of 80 percent noted in this report isitlusive. The cycle efficiency is a function of DoD,
head loss, friction loss in the conveyor tunnel, turbine efficiency, generator efficiency, and pump
efficiency. A ramp rate of 20 to 35 MW possible per unit. For some projects, one tunnel feeds two
units, thus reducing ramp rate by a factor of two. Typically, the equipment veswicnisasseneral
Electric Companyr VOITH, provide their input to tunnel design and construction to ensanegbwer
components can provide the necessary power (GE 2018).

4.3.8.1 Capital Cost

The capital components ofcanventionaPSHfacility include two water reservoirs, a waterway to
connect them, and a power station that incledesmpandturbine. Given the typally large footprint of

the systembecauséSHis capable of providing gridcale levels of energy, the cost of an average project
is typically higher than othdfSSsgiven the construction, commissioning, and potential environmental
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reviews. Aquino et al. (20H) estimated the cosb be$1,500 $4,700/kW for a singlspeed unitfurther
estimating thaain adjustablkspeed unit would come with ailZD percenthigher cst. Most PSH projects
were developed in the 1970s and 1980s aocbrding to a 6. Bureau of Reclamation report on the

Mt. Elbert Pumped Storage Povwant, theycost around $2,020/kW. ORNL estimated two values for
the technology, the first between, 800 and $8,200/kW for an adjustablespeed PSH unit and the second
estimate of $2,23RW from aBlack & Veatchreport(ShanandO6 Conno.r 201 8)

Costis typically expressed in $/kW for PSH plants. However, sometimes it is expressed in $/kWh. In

both cases, #total cost is divided by the power or energy to get $/kW or $/k@8pectively. While

there is currently insufficient data to do this, it would be useful to separate out the power component cost
and the energy component costs such that the total plsint@n be estimated for any E/P rafie.
describedater in this sectiorthe cost breakdown among various categories can be diffiegliuseost

is determined by sitgpecific conditions. For example, the geogrdf@main determines the type of

reservoir to be built, which directly affects reservoir cost. Tunnel excavation cost also depends on the
terrain.For a 16hour, 300 to 1,000 MW plant, the 2017 costreestimatedo be within thewide range

of $1,700 $5,100/kW (Damat@ndMinear 2016).

Whenevaluatingcapital cost on a $/kWh basis, Kamath (2016) placed the valuei&@280kWh for an
average project cqsthile May et al. (2018) htha higher range of $258350/kWh.

A discussion with McMillan Jacobs Associates indicatedftivad $700/RV transmission upgrade, land

costs and civil engineering costs of $460/kW need to be added to target PSH costs. Excluding these costs,
for a project to be economical, the target cost was proposed to be in38& $2,000/kW range. There

were some locatits witha projected cost of $800/kW for a 50 MW system, and soméh a projected

cost of$2,000kW. Based on a conversation with HDR, our calculations indicate that the land cost is only
$6/kW, assuming $250,000 per adiéller 2018). However, some pldas have to purchase two orders of
magnitude higher acreage than required for the project, depending on the length of the transmission line
being serviced. This work assumes land required does not inclidédtioral acreage and overahese

costs arenot consideredyecausehey are sitespecific.

Project costs for most sites are not broken down into various components. While the Black & Veatch
(2012) report providea breakdown for various categories for a specific 6a5@0 MW, E/P of 10, and
lower reservoir being a natural lake or river (hence no additionaBceath information is typically not
provided. In this report, the electrical and mechanical costs for the powerhenesgated to be $835/kW.

Perinternational Renewable Energy AggrntRENA 2012), the $/kW for electrical and mechanical
equipment decreases with increagiogver ands estimatedo be$570/kW for a 4 MW system, $485/kW
for a 48 MW system, and $245/kW for a 500 MW system. There appears to be an inflection point at
~50MW. From 4.3 MW to 48 MW, the $/kW decreased by 15%, while from 48 MW tdvB00) the

drop is 50%This is showrin Figure4.1 (IRENA 2012).The unit paver cost for the electrical and
mechanical equipmein this report is ~30 percent of the $835/kW, thus highlighting the challenge
associated witlrriving ata singlecost number for each category. While several projects have been
planned with associatemst estimates, cost data for various components are not available.
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Figure 4.1. Cost ofelectromechanicatquipment forhydro plants

Steffen (2012) listed the investment costX@rannounced PSH projects in Germany, which consisted of

il and acquisition, civil works and the hydraulic
machine® with the latter estimated to be 20 to@&cent ototal cost The cost decreased linearly with
increasing PSH power capacifyhe cost for a 500 MW system was estimadtede$1,840/kW, with the

electrical and mechanical equipmeatt 25 percentorresponding to $460/kWHowever, once the two

projects with existing reservoirs and one project with high leverage were removed, there was no

correlation between the project cost ggowatt-hourand the capacity of the project. Thatsie-specific

conditions affected costs more than the MW cdpaxfithe PSH planfThis is an example of the

complexity of trying to break out the PSH cost among various compobectuseite-specific

conditions may dominate cogtdanwaring 2018y

Existing planthave a high energw-power ratio of 3hours ), but 12 16 h plantsarein development
and somarereaching as low asi8in duration Based on this, 16 h was selectsdhe duratiofor this
report which coverghe higher end ahe E/P ratio for plants that are coming Ewom available dta, the
PSH cost was determined to be $2,638/kW for-ad@ plantManwaring 2018h)

Table4.23 shows the breakdown for the various line itemduidiog estimated cost fahelower reservoir

set equal to that for the upper reserydlanwaring 2018a)The powerhouse electrical and mechanical
(E&M) equipment cost is $825/kW, while the powerhouse excavation (civil engineering) cost is $80/kW.
Depending on the terrairthe costs for tunnels, upper reservand lower reservoir can vary. This list does
not include transmission upgrade costs, which can be as high as $700kwaring 2018a).

Table 4.23. Line itemcostbreakdown for a 161 PSHplant

Item $/kW
Total Cost $/kwW 2,640
Owner's cost 370
EPC 390
Tunnels 135
Powerhouse excavation 80
Powerhouse 835
Upperreservoir 420
Estimatedower reservoir 420
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In terms ofpercentageost breakdown for PSH units, the cosimponenbreakdown for a :dour PSH
plantprovided in Black& Veatch (2012fosting $2,230/kW is as follows

TOwner a870kW E7%)

1 EPC $390/kW (17%)

1 Powerhouse$835/kW (3Pb)

1 Tunnels $135/kW (6%)

1 Powerhousexcavation$80/kW (4%)
1 Upper reservoir$420/kW (19%)

Figure4.2 shows the breakdown in costtbe PSH unitsdescribed abovéBlack & Veatch 2012)

m Owner's Cost Upper Reservoir Owner's Cost
19% 17%

® Engineering,

Procurement, &
Powerhouse

Construction Excavations
® Powerhouse 4% \
Tunnels
Tunnels 6%

® Powerhouse
Excavations

Engineering,

Procurement, &

Powerhouse Construction
37% 17%

® Upper Reservoir

Figure 4.2. Capitalcostbreakdown for goumpedstoragehydro plant

Table4.24 shows different total $/kW capital costs from collected literatur@&iitechnology.

Table 4.24. Capitalcosts ofpumpedstoragehydro systems

Capital Cost ($/kW) Notes Source
$1,500%$4,700 Aguino et al.(2017)
$70-$230/kWh Kamath (2016)

$2,020 $762/kW in 1985 converted to 2018 dollars using 3%  United States Bureau of
escalation rate Reclamation{2018)
$250$350/kWh May et al. (2018)
$1,500%$2,000 Target cost for project to be economical. Excludes Manwaring (2018)

transmission upgrade cost of $700/kW and civil and
infrastructure cost of $460/kW

$3,000 For 50 MW system Manwaring (2018)
$1,300 Projected cost for Eagle Mountain PSH in Southern Manwaring (2018)
California
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Capital Cost ($/kW) Notes Source

$1,800$3,200 AdjustablespeedPSH Shan & OQ®20C8
$2,230 Black & Veatch(2012
$1,500-$5,100 EPRI 2017

To estimate the initiadapital cost (ICC) to develop a greenfield PSH facility, prior research conducted by
ORNL and documented in Witt et al. (2016) was leveraged. Witt et al. (2016) documents the development
of a scalable, comprehensive cost modeling tool capable of simulainGC for a variety of modular

PSH projects and deployment scenarios. Based on a few input site characteristics (storage volume, storage
time, design head, and optional variables), the tool provides a reference design, categorical project cost
estimatesand ICC estimates. The research considered various test case scenarios, including one in which
construction of new upper and lower reservoirs is required and no existing infrastructure is available. In

this report, a similar approach is used to estin@

In general, the default tool settings as documented in Witt et al. (2016) were used in the present study. A
few key additimal assumptions made include REEpenstock lengtto-head ratio, and the use of a

Pelton turbine with standard pump arrangeimignaddition, the escalation techniques used in the original
tool were extended out to 2018 using the same cost indexes. Thus, all ICC estimates provided herein are
in current year of 2018.

To consider a wide range of utiligcale greenfield PSH develiment, ICC estimates were calculated
across different head (300 to 1,500 ft) and installed capacity (100 to 1,500 MW) range8-faaréi

10-hour design storage timeBhe cost per kW increase with higher E/P ratios though the cost per kWh
decline acres the same rangé/hen measured on a cost per kWh basis, PSH compares favorably with
other energy storage methotlaportantly, some of the design and cost methods used in the tool may not
be intended for application at the highad and higitapacity scies considered in the present study;
however, the general patterns found are deemed reasonable.

The ICC estimates are providedsimwn on a cost pekilowatt ($/kW) basis. As shown in the plots,

$/kW is lower for highhead development, which reflects taet that for a project of the same installed
capacity and same storage time, smaller reservoir storage capacity and smaéigpdass/e
electromechanical equipment is required as head increases. The general trend is consistent with a major
finding in Witt et al. (2016) that PSH projextend towards greater economic viability whdgveloped at

a high head greater than 500 ft. For head above 1,000 ft, $/kW is roughly the same.

The plots also reveal economies of scale associated with PSH developengdtk{iy decreases as

installed capacity increases). This effect is relatively muted for capacities above about 500 MW, as $/kW
values generally show little change. At smaller scale (e.g., 100 MW and lower), the $/kW becomes much
higher.

A final trend noiceable among the plots Figure4.3 is the tendency for $/kW to increase for larger
storage times. This trend is attributed to the fact that for a project of tharedatked capacity and same
head, larger reservoir storage capacity is required. Additional revelaied considerations may
influence a decision to design for larger reservoir capacity.

In general, for a-®our storage time, the estimated ICC of a Highd (700+ ft), largeapacity

(500+MW) project is $2,200 to $2,500/kW. For a project with similar head and installed capacity, the
estimated ICC increases to $2,400 to $2,800/kWri@-laour storage time and $2,600 to $3,100/kW for
a 1Ghour storage time.
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Figure 4.3. Initial capital cost estimates for greenfield PSH development foihau6, b) 8hour, and c)
10-hour storage times.

Capital cost andhe potential for the reduction of this cost have been discussed in previous literature
without consensus. Some studies point to increasing costs in the réatd®dyear time period and some
indicate a decline in cost§heInternationaRenewable Energy AgenciRENA 2012)statedthat snce a
significant amounof research has been undertaken with respect to hydropoydeopoweris unlikely
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to exhibit a downward sloping supply curve in the medium term. This is primarily becausd@Nehe
cost opportunities and potenttzvebeen exploited and the increase in supply of hydropowkebev
accompanied dtigher cos{IEA 2008 IRENA 2012)

However, since themdditionalresearch has been undertaken in the sphere and ©O&iNbhecredited

with the development géround Level Integrated Distributed Energy Storage or GLIDES. GLIDES
stores air in higlpressure vessels as compressed air astdtiscto be a lowcost energy gesration
technology with higheRTE. Hydraulic pumps are used to drive water into these vessels, leading to a
higher air compressiofWitt et al. 2015)

Other significant improvements in PSH are reversible pturigines with improved efficiencies,
adjustake-speedoumpturbines, improved equipment controls (static frequency converters, generator
insulation systems), and improved underground tunneling methods. These have highaerostpibait
may lead to greater lifeycle cost reductiarAccording to MWH(2009), an increase of up to 5% in
pumping efficiency has been caused by improvement in the pumping/turbine tectohoiogyghe
25years preceding theublication of theeport(NHA 2017; MWH 2009)

As another exampl&hell EnergyNorth America (SENA)s developinga small, modular PSH plant with

a 5 MW, 30 MWh capacity. The cost of the plant is estimaddpb$22.3 million or $4,40&W

($743/kWh). SENA has estimated a tywar project development cycle consisting of licensingitiets

in Year 1 and capital costs in Year 2. Licensing costs for the first system are estoriz$d million,

with costs reduced to $1 million for all subsequent plants. The capital cost for the system, excluding the
floating membranéhatmakes up ta lower reservoir, is estimatéa be$18.7 million(SENA 2017).The
conceptual floating membrane system is being developed and the estimated @ixistz8600,000 with
uncertainty at +100 percefi0 percent (HadjeriouandDeNeale 2018). Annu&&M costs are

estimatedo be$408,993 in Year {Balducci etal. 2018.

Outside of the SENA project, the literature has had a variety of estiofdies/ costs may decrease or
increase over time for PSHhe IRENA(2012) for example, states that they expesfelocost
opportunities have already been exploited. Similarly, Barbour et al. (2016) stdiedhaseosts are
biased toward civil engineering requirements that fluctuate on a plojgrbject basis, there are limits
to the overall cost reduction that can be gained through the supply chain.

4.3.8.2 Fixed & Variable Operations and Maintenance Costs

Regardingifked O&M costs, Aquino et al. (20&yestimated the range to be between $6528.30/kW
yr. ORNL averaged the O&M costs for 11 PSH plants in the ERQ#6period andound the O&M costs
ranged from $2&W-yr at 200 MW to $5/kWyr at 2800MW (ShanandO 6 @rwor2018) TheBlack &
Veatch(2012)reportshowsan O&M cost of $30.8/kWyr. The numbers indicated rable4.25 are
averaged (excluding the highest value of 43.3) to arrive at an O&M cBEbd¥/kWryr. The fixed costs
include labor, insuran¢cand taxes.

The variable costs are a functiofithe numier of starts and stops. The variable costs include
rehabilitation or repairs to welding joints, circuit breakargjrunners ORNL estimatedinit startcost in
the $300$1,000 range. Assuming the plant is sized at 100 MWh, and goes through 20 cyglearin a
this amounts téhe 0.000094 to 0.0003 cents/kWh ran@ensidering the very low value, PSH variable
costs have been set tandthis report

Table4.25 showsa compilation of the fixed O&M costs found in the literature O&M cost for hpdweer

projects have also been estimated to be 1% of the construction and equipment procurement costs
(MWH 2009).
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Table 4.25. Fixed O&M costs ofpumpedstoragehydro.

Fixed O&M

(B/KW-yr) Notes Source

$6.243.3 Aquino et al.(2017)
$17.6 2007 costs United States Bureau of

Reclamation
$5-20 Fixed decreases from 20$/kW at 200 MW to 7.5 Uria-Martinezet al. (2018
$/kW-yr at 2000 MW to $5/kWyr at 2800 MW Shan & 0O6Cpn

$30.8 500 MW plant Black & Veatch 2012

4.3.8.3 Cycles, Lifespan, Response Time, and Efficiency

May et al. (2018) estimate that a PSH unit is capable of lastitg %M years withmRTE of 80percent

and up to 20,000 cycles. ORNL (SheedO6 Connor 2018 and Aquino et al
life to becloser to 20 years, and an RTE range op8&&entand 7087 percent respectivelyAn RTE of

80 percenthas been used in this report. Lifee isassumed to be >25 yeaasnd15,000 cyclesare

assumed.

Table4.26 lists PSHcycles, life years, andTE.

Table 4.26. Cycles,life years, andoundtrip efficiency of pumpedstoragehydro.

Life Round-Trip
Cycles Years Efficiency (%) Source
20 82 Aquino et al.(2017)
20,000 50 80 May et al. (2018)
>20 70-87 ShanandO6 Connor ( 2

Typical ramp rates for PSgystemsare25 to50 MW/s (Manwaring 2018). The ramp rate is a function

of tunnel design to move watagfor a 4unit plant, the ramp rate is 200 MW/s. While mokthetime

there is one tunnel per unit, sometimes one tunnel serves two units, thus decreasing saonp2rabe

25 MW/s per unit The time for various mode changes depardwhether the PSH iternary or not. For
ternary PSH, mode changes are quickale 4.27 shows the time in seconds for various mode changes.
For fixedspeed (FS) units, pumping is damdixed load consumption, hence ramp rate is not applicable
for the pumping mode. For generation, FS uigike5 to 15 seconds to reacdtedpower from online

status. Hencehe ramp rate is 7 to 20 percent of rated power per second.

When ramp rate idefined as the time from spinningritedpower, for the pumping mode, the duration

is 25 to 80 second¥ernary systemdaving the fastest ramp rate of 4 percent rated power per second
take25 secondsor this, while fixed-speed systems take 80 seconds. Using the same definition for ramp
rate during generation, again, the ternary systems achieve this in 20 seconds, while FS systems achieve
this in 5 to 15 seconds or 7 to gércent of rated power/Sth an & 06 QamiTOsecond@s®rl 8

1.4 percent rated power/s (Fisher 2012).

Table 4.27 providestheramping ability for a PSH planSpanandO 6 Co n n 9 GE2218.1 8
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Table 4.27. Rampingability of pumpedstoragehydro plants

ShanandO& Co n n General Electric

Status (2018 (2018)
Shutdown to online (generating mode) 60-90 seconds 220 seconds
Online generating tehutdown 220 seconds
Online to fultload generating 5-15 seconds 60 seconds
Shutdown to full generation 120 seconds
Spinningin-air to full-load generating 5-15 seconds
Online to full load 80 seonds
Shutdown to normal pumping 6 minutes 300seconds
Spinningin-air to normal pumping 60 seconds
Full load to online 60 seconds
Full generation to shutdown 250 seconds
Full pumping to shutdown 150 seconds
Full load to full generation 220 seonds
Full generation to full load 500seconds

Tale 4.27 has been regeneratbdlow (asTable4.28), with additional information provided for FS,
advanced FS, adjustakdpeed (AS)and ternary PSH with two different turbine typ@ile it would be
preferable to provide ramp rat®r each of these types to allow differentiation among ttteereis not
enough information to provide ranges for each mode change and category of PSH.
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Table 4.28. Rampingability of pumpedstoragehydro plants bytechnologytype

Ternary with  Ternary with

9€'v

Advanced Extra Fast Horizontal Horizontal
Fixed Fixed Adjustable Francis Pelton
Fixed Speed Speed Speed Speed Turbine Turbine
Shanand General Fisher Fisher Fisher
Source: O6 Conn o) Electric (2018) (2012) (2012) (2012) Fisher (2012) Fisher (2012)

Shutdown to online (generating mod 60-90
Online to full generation 5-15
Spinningin-air tofull-load generating 5-15 60 70 20 60 40 20
Shutdown to full generation 120 90 75 90 90 65
Full generating to spinninm-air 80
Full generation to shutdown 150
Shutdown to spinningn-air 220
Spinningin-air to shutdown 220
Shutdown to full load pumping 360 300 340 160 230 85 80
Spinningin-air to full load pumping 60 80 70 50 70 30 25
Full load pumping t@pinningin-air 60
Full pumping to shutdown 150
Full load to full generation 220 190 90 280 60 25

Full generation to full load 500 420 240 470 45 25




4.3.8.4 Technology and Manufacturing Readiness  Levels

PSH isconsidered to be the most materesrgystorage technology majority of the projects operational
today originag from the 1970s and 1980s and the concept origiflahg before thatime. More than

170GW of the technologgreinstalled internationally andreoperationalEASE2016. Different design
variants ae still being developed to improve parametarsh agfficiency and response timandother
developmentgareinvestigating ways to reduce environmental impacts and the costs associated with
avoiding themThese developments might include ideas suahoasdloop solutions that avoid

impacting natural waterways. Given the long range of time across which PSH has been developed and
installed, it is considered twave alRL of 8 and an MRLof 9. These values are expected to rise to BRL
and MRL 10 by 2025.

4.3.9 Flywheels

Flywheels are arlectromechanicanergy storage technology that has a short duration of only a handful
of minutes which makes them suitable for applicatidhatonly requie a short time of user that are

usedas backup power that chnidge between the grid and larger backup souiidesir structure consists

of rotatingcylindersconnected to a motor that stores kinetic energy. The conversion of electric to kinetic
energy isachievedthrough the use of a variableequency motor or dve. Energy is stored by using the
motor to accelerate the flywheel to higher velocitidse motorof the flywheel works t@ccelerate the

unit to a higher velocity in order to store energy. Subsequently, it is able to draw electrical energy by
slowing theunit down(Aquino et al. 201&). Given the short duration associated with the technology
although the storage system is fairly mature, it is typically not seen in utility applications. The
manufacturers of the produatthe United Stateisiclude BeaconPower and Helix Power. The latier
currently working on a development with DOE around absorption of energy from the regenerative
braking and acceleration support to train cafdémw York (Helix Power2016. Flywheel systems can

also be suitable for raipower fluctuations on an industralel and forrenewable smoothing.

A large benefit that flywheels are able to offer as a technology is their long lifecycles and their fast
response times. Associated witleseis also a typically large RTE value. &hrequire low maintenance
over the course of their lifetilmend are capable of running for a large number of cycles without the
associated side effects that you would see with electrochemical storage.

4.3.9.1 Capital Cost

As previously described, flywheels costsdf a rotating cylinder connected to a motor that relies on
kinetic energy. Fobulk levels of the resource, the footprint can be large and rival tiR&dfwhich
comparativeljhas a muctongerduration. Flywheels that are installed as a sourcamitterruptible
power supply have a much smaller comparable footprint. Aquino et al.g)20lage the capital cost of a
20MW, 15-minuteBeacon Power flywheel plant at an estimated $50 million, resultinagost estimate
of $2,400/kW.Aquino et al. (207) further state tha®iller, an additional flywheel manufacturer,
estimates the prid® becloser to $600/kW for a 2.7 MW unitformation gathered from Kinetic
Traction, a flywheel manufacturer, placed the cost at a slyni@aw level at $600/kWor a333 kW,
1.5kWh system, nbincluding installation cost§&soodwin 2018)However, the E/P ratio was only
0.27minutes Helix Power has a 1 MW, 0.0074 MWh system that is estimated to castlkh or
$1,000/kW, with an additional $50,000 or $50/kW fostallation.

Table4.29 shows the capital costs found in the literature for flywheel systems.
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Table 4.29. Capitalcosts offlywheel systems

Capital Cost ($/kW) Notes Source
$2,400 20 MW/5 MWh Beacon Power flywheel plant Aguino et al. (2014)
$600 333 kW, 1.5 kWh system excluding installation Goodwin(2018)
$1,050 1 MW, 0.0074 MWh system including installation  Helix Power (2018)

One way to estimate thait energy cost is to determine the average of the $/kWh cost from the above

table, wth $/kWh calculated from the $/kW and E/P rdfiio the Beacon, Kinetic Tractn, and Helix

Power system®oing soresulted in $6633/kWh at an average Ef&io of 0.093hours corresponding

to $5733/kW.The flaw in this method is theverweighting of thénigh $/kWh value atalow E/Pratio. A

better approach is to use the same power capacity for each syst@00at\¥ to determine individual

system cost. Using the'[Eratio for each system, the total power and energy fahedlesystems are

calculated along with total cost. The total cost divided by total energy is the average $/kWh, while the

total cost divided by the total power is the average $/kW. The resel$1,333/kW and $1809/kWh.

The E/Pratiof or t hi s Atotal syst theaveragsE/Foarried & eaHierur s, t he
However, this time, the overweighting of the high $/kWh value at low&i®is not present.

A better approach is to plot the $/kW vs. E&Roto get the $/kW value at any required EzRo.
Extrapolation of thetraightline fit provides the $/kW at E/Ratio> 0.25. The $/kW at E/Ratio of 0.093
was $1312, corresponding to a $/kWh $f4,573.This is shown irFigure4.4

Table4.30 provides the capital cos $/kW for various E/P rat®and the associated $/kWh cost. For
example, aAnE/Pratio of 1, the $/kW and $/kWh is $66, while anE/Pratio of 4, the numbers are
$28186/kW and $047/kW, respectivelyBecaus Beacon Powér 20 MW, 5 MWh flywheels have
been operating for >3 years, this work will assume arr&ti®of 0.25, withanassociated $/kW cost of
$2,400/kW for the flywheel system.

3,000 | |

y = 6873.3x + 692.9p
2,500 Rz =0.9811

2,000

1,500

1,000

Flywheels Capital Cost ($/kW)
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Energy to Power Ratio (h)

Figure 4.4. Capitalcost by E/Pratio forflywheeltechnology
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Table 4.30. Capitalcost forvarious E/Ratios forflywheeltechnology

$KW $/kWh

Vendor kW kWh $kW Cost $ $/kWh E/P (h) from Fit Calculated
Beacon 1,000 250 2,400 2,400000 9,600 0.25 2411 9,645
Helix 1,000 25 1,000  1,000000 40,000 0.025 865 34,592

Kinetic 999 4.5 600 599400 133200 0.004505 724 160,710

1 7,566 7,566
2 14,440 7,220
3 21,313 7,104
4 28,186 7,047

4.3.9.2 Fixed and Variable Operations and Maintenance Costs

Only a small number of sources provided O&M information regarding this technology category. Among
them wereAquino et al. (2017) and Manuel (2014ho estimated fixed O&M to be $5.56/kW and
$5.80/kWHyr, respectively. Manu€R014)also provided a variable O&M estimate around $0.30/MWh.
Helix Powerestimates the maintenance costs to be minimal, while Kifedittion estimates <$5/kWf

(< $1500 per year for 333 kW system)Lazarewicz 2018)

4.3.9.3 Cycles, Lifespan, and Efficiency

Flywheels as an energy storage technology are sought after due to their long lifecybigh RIE
levels. Active Power (2017) estineastthe RTE at a value as high agp@8ent Aquino et al. 2017) give
a range that is lowdrbetween @i -80 percentManuel (2014) foa 30 MW system estimatéhe RTE to
be 81 percentHelix Powerestimates &C-DC RTE of 88percent while an85 percentRTE was reported
for the Stornetic Durastor 1000 syste®tdrnetic 2018

The duration of these systems range frar@0lminutes. Regarding usable life, given that the system is a
mechanical storage technology, the expectetiniteis capable of being twice as long as some
electrochemical counterparts. All literature obtained for this report estimated the usable life of a flywheel
system to be approximately 20 yedrafarewicz 2018Stornetic 2018Helix Power 2018

Goodwin2018.

Another attractive quality of the technology is the number of cycles it is capatbenpfeting.Helix
Power estimates that this value can be as high as 4 million, Adnii@o et al.(2017) estimate 175,060
200,000 cycles. The system is estimated ngpréo 100perceniof rated power in 250 milliseconds (Helix
Power 2018) and 5 millisecondsgodwin2018).

Table4.31listsflywheel cycles, life years, and RTE.

Table 4.31. Cycleslife years, andoundtrip efficiency of flywheels

Cycles Life Years Round-Trip Efficiency Source
Unlimited 20 70-80% Aquino et al. (2017a)
100,000 20 81% Manuel (2014)
20 98% Active Power (2017)
<4 million 20 85-90% Helix Power (2018)
20 86% Goodwin(2018)
85% Stornetic (2018)
175,000200,000 Aquino et al. (2017hb)
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4.3.9.4  Technology and Manufacturing Readiness  Levels

The products discussed by the vendors mentioned avevaimarily for highkspeed flywheelsvhich

have seen only a limitedumberof installations (Aquino et al. 204y, Given the newness and
development of this technologys maturity levels are not as high as some of the other energy storage
counterpartsliscussed in thiseport This is especially true considering the limitadnberof

applicationdor whichflywheels are ideally suited compared to other technolpgieish can limit the
amount of investment in this category. For these reasons, thatcliRe for this technology is

considered to bsevenand the MRL is expected to be 8. Bottthese values are expected to increase by
onelevel by 2025.

4.3.10 Compressed Air Energy Storage

CAESconsists of filling a cavern with compressed air during the hehenenergy prices are low and
then releasing the air at peak hoansddelivering it to combustion turbineshich use the natural gas for
powergeneratior(Hydrodynamics 2018)

Projects of note includenebeing develope8urbank Water and PoweFhe poject will result ina

300MW plant called thd?athfinder CAESn Utah that would utilize underground salt dom&second
phase of the project would add 1,200 MW of capabitiien completedhe projectas described would
havea total of 1500 MW/25000 MWh for an E/P ratio of slightly over 1BG&E has also shown

interest in investing in CAES through funding provided by the American Recovery and Reinvestment
Act. Analysiswas begumegarding the developmeatproject in a depleted natural gas resiefimoSan
Joaquim County. With 1$. natural gas production having increased significantly over thé jgesirs,

more such reservoiere expected tbe available in the near future for CAES developniBoughty

2016)

Regarding established CAES plaritee Mcintosh, Ahbamapower plant has been operating foryZars.
The 110 MWplanthas a rate 0400-poundmass/s, while the S8W corresponds td97-poundmass/s
(Siemens 2017 Theproject has aalt dome capacityf 18.9 MM ft, anda pressure range of 650
1,100psia. DresseRand/Siemens has provided technical and field service support since 1991.
Calculations show that at 110 MW generation, the cavern capacity correspondstofir 3.37GWh,
while at 55MW compression, it takes 62 hours to fill the cavern fromg&hds per square inch
absolute (psia)

According to Siemens AG (2017he equipment consists of

T all0MW CAES train

9 two W501Fgas turbines

9 two V84.2 gas turbines

91 A T300 plantwide control system

9 fuel gas booster compressors

9 anRG3 brushless excitation system

9 aD3000 vibration monitoring package for all units

9 aD4 static excitation systems and siaptfrequency converters for V84.2s

DressetfRand, which supplies rotatimguipment for CAES, is now part of Siemenkeir current
generation power train the SXT-800, which is shown irFigure4.5. According to conversations with
DressefRand representativethe GV and DATUM nomenclatuia Figure2.2 is [the] tradename for
the compressonshile the GV is their integrally geared compressor and thA& DM is their centrifugal
c ompr gBaitiec201&).
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SXT-800 CAES Cycle Schematic SIEMENS
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Figure 4.5. Schematic othe Siemens SXI3800 CAES

Thefollowing information was obtained fromSiemens representative and describesdngponents of
the SXT-800 system:
1 The expander train consists of two power block module sizes:
T 135 MW design output with inlet pressure of 1190 psia (82 bars)
T 160 MW design output with inlet pressure of 2175 psia (150 .bars)

1 Thequotedramp rate is 2@erentof rated powerpermite The dur ati on from fAwa
gear to full generation is 10 minutasd Siemens claims it albasa 90 percenturndownwith a
relatively flat heat rate.

9 The compressor train MW sizing is adjustable to meet the appiicagieds. It has a 3i&rcent
turndown witharelatively flat heat rate. It ramps at Bércentof rated power per minute. It takes
4 minutes to go from offline to full load, with a polytrophic efficiency off#fcent

1 The expanded train for SG300 has &ingleshaft industrial gas turbine. It was introduced in 1999
with the power rating at 43 MW. The current mode
ef fi ci e nmergantMoré thah GO0 dits areinstalled worldwide for various applicatigns
cumulatively they havever 4 million equivalent operating houlshas dual fuel dry low emissions
combustion system capabilities with <@érts per million by volume dry basispimvd NOx content.

The SGTF800 is used not just in CAES, but in other agadlons, as the document from Siemens implies.
It has a large installed basgth combustion hardware and hitgmperature turbine hardware. Economies
of scale are possible duettee high production volume. Other advantagesgude:

1 eimination ofthewater injection systa usingacombustionsysteme f er r ed t oDrpy Si e me
Low Emissiondypeo that does not require water to achieve low emisgi©25 ppm NOx and CP)

9 emissions can further be cleangolwnto single digitparts per milliorwith a caslyst exhaust system
1 high-volume production of equipment
1 25% reduction in air consumption with comparable heaf rate

9 smaller air piping for same poweutput, lower costs in the plant and wellbore
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1 improvement in expander system performance dieda-oithesa r t t ur bi ne ;i nl et

1 lower air consumptigrwhichleads to lower piping cost and cavern wellbore and greater energy per
unit volume of cavernand

9 experienced personnel to install, commissiamd maintain the SG800.

Additional information from Siemens was provided on their SEBD systemincluding CAPEXand
cavern design details and diagrams of their compression train.

4.3.10.1 Capital Cost

The capital cost of CAES plants includes equipment, construction, instalkdigineering, and other

costs necessary to build the glédel storage system. The 110 MW Mcintosh project, commissioned in
1991, cost $65 million or $590/kW ($1,310/kW in 2018 dollg§its)gan 2013)The estimated cost for the
lowa Storage Park, a 270 MWagject that was terminated due to site limitations, came to $1,481/kW
(Aquino etal. 20178). Aquino et al. (2013) offer a range for the plant cost of between $1,600 and
$2,300/kW for a 300 to 500 MW diabatic system, not including storage cavern cosy.stéra would

also include 12 to 48 hours of solutiotined storage capacity. They expect that an adiabatic system will
likely come at a higher cost given the additional equipment necessary to store the heat from compression
but the values cannot be prdjed given the low maturity level of the technology. Siemens estimates the
cost for a 150 MW/4&our CAES system using the S>8D0 powertrain at a capital cost of between
$1,050and$1,400/kW or $22$29/kWh. For our workan E/Pratio of 16 was assumed ftinis
technologyandthis corresponds to $6888/kWh.The capital cost for a 2#Bour plant was estimated to

be $1,66/kW using all the available data.

Table4.32liststhe capital costs of CAES systems.

Table 4.32. Capitalcosts of CAESsystems

Capital Cost
($/kW) Notes Source
$1,105 $590/kW in 1991 US. dollars Siemeng2017)
$1,481 Aquino et al.(2017)
$1,6002,300  Includes 12 to 48 hours of solutiemined storage capacity Aquino et al(2017a)
$1,050%$1,400 Bailie (201&); Siemens (2018
$1,047 900%$/kWin 2010 US. dollars Black & Veatch(2012

Table4.33 provides the cost breakdown for a CAES system (Badkeatch 202).

Table 4.33. CAEScapitalcostbreakdown bycomponent

Item Cost ($/kW) Percent (%)
Turbine 270 30
Compressor 130 14
Balance of Plant 50 6
Cavern 50 6
EPC 30 3
Owner 6s 360 40
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The breakdown for the 150 $1,400kW estimate provided by Siemeissas follows:

1 Powerlsland: $550 $650/kWor 49percenfthese are in line with thBlack & Veatch costs for
turbine and compressor)

1 Balance ofPlant/Engineering, Procurement and Construction $450 $550/kW (41 percen}.
These costs depend on location, labor rates, building/site permitting, transmissiamniregetion,
natural gas pipelineetc (Bailie 201&). In this context, the BP wsts appear to be powelated,
and included BOFEPC and owners costs listed by Black Veatch(2012, which add up to
49 percentof total costs

1 Cavern cost $50/ $200/kW. This corresponds to 5 to pércentof total system costs when we
divide the low cavern cost by the low system cost of $1,050/kW (50/1050) and the high cavern cost
by the high system cost of $1,400/kW (200/1,4083pectivelyForanE/P ratio ofl6, this translates
to $3 $12.5/kWh The cost varies witheservoir typésalt, aquiferor hard rock mine, new or
existing The cost isalsorelated tahelevel of solution mining requiredgilie 201®).

The cavern costs, which were listed asi$200/kwW, were converted to $/kWh (B&il2018b. For

48 hours of storage, these costs weBé&Wh, and for 24 hours of storage, the costs were estimated to
be $4.50/kWhUsing linear fitting energyrelated costs in $/kWh can be assumed teD@17*(E/P
+5.5.The cavern cost for a dourplant was estimated to be $5.08/kWh using this relationship. From
the Black & Veatch (2012) report, the cavern cost for-adifiy plant was @ercentof system cost. Using
cavern cost as percentfor a 16hour plantthecost for therest of the plant was estimated to be
0.94*$1,667/kW, or $1,567/kW. Keeping this constant across various E/P Tatide4.34 lists costs

that wereestimated for CAES plants with various E/P ratios.

Table 4.34. CAESplantcosts in $/kW and $/kWh forarious E/Rratios ordurations

E/P (h) 10 16 20 30 40
$/kW 1,567 1,567 1,567 1,567 1,567
$/kWh forcavern 5.1 4.8 4.7 4.2 3.8
Total cost $/kW 1,618 1,644 1,660 1,694 1,720
$/kWh 162 103 83 56 43

Clearly,becauseavern costs are not dominant, the unit power cost for the CAES plant increases slightly
from anE/Pratio of 10 toanE/Pratio of 40, while the unit energy cost decreases from $162/kWh to
$43/kWh. Hence, CAES appears to be a very good candidate, dypesialP ratios icrease. The low

RTE of 52percents also a significant consideration

4.3.10.2 Fixed & Variable Operations and Maintenance Costs

Aquino etal. (201'8) estimate that for a 100 MW CAES plant, fixed O&M costs will be approximately
$19/kWhyr for either a diabatic or adiabatic system. They believe that variable O&M costs that do not
include fuetrelated costs for a plant of the same siZegt@round $2.3/MWHyr in 2017 dollarsFor the
lowa Stored Energy Park, fixed O&Bbbstwas estinatedto be ina range similar to that dfie Aquino

etal. (2018) value at $18.7/kWr and the variabl©®&M estimate at $2.28/MWAr. Black & Veatch
(2012) estimated a fixed O&M cost $11.6/kWryr and variable O&M cost of $0.00155/kWh based on
2010USD. This translates to $14.7kW and $0.00196/kWrespectively. The average of these values
wasused for this work$16.7/kWyr for O&M fixed, and $0.00212/kWh for O&M variable.
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4.3.10.3 Cycles, Lifespan, and Efficiency

May etal. (2018) estimate thatCAESsystemhas a usable life of 25 years argicapable of providing
10,000 cycles at an RTE of @&rcent Siemens, Aquino et al. (20d)7 and EASE (2016) all state that a
usable life 0530 years is possible and tleatRTE is higher at >70% for adiabatic systefs: diabatic
systems, Aquino et al. (20d7and EASE (2016) both place the RTE at approximatelyesentdue to
theneed to reheat the cavehowever EASE (2016) believes that diabatic systems still have a usable life
greater than 30 years. The lowerlRaf the diabatic system is in line with Gyuk (2012), which estimates
54 percent The remainder of the literature consulted places the RTE range at higher values dhan this
Bailie (2018b)staed 73 percentand Li et al. (2016) 67.12ercent

In communication with Dresser Rand (Baik01®), the RTE was calculated by dividing the electrical
output by the sum of electrical inputttee compressor and the amount of energy that could have been
generated by thnatural gas fughssuming a 4percentefficiency for conversion of natural gas to
electricity. Based on this formula, the RTE was estimaddab74.6percent Note that their system
includes heat capture in the compression cycle. It should furthratee that if the actual lower heating
value of the natural gas fuel was used in the denominator, thevBl@lH be51.9percent The latter
appears to be a fair way to account for fuel ushgeausén combustion turbines, the fuel lower heating
value isused to estimate efficiency. Henem RTE of 52ercentwas used ithis work for CAES.

The response time and ramp rate are given as follows (Siemers:2018

9 10 mirutesfrom cold start to full generation

9 5 minutes from online to full power

1 3.33 mirutesfrom full speed no load to full load
1 4 minutes from offline to full load

Table4.35lists the CAES cycles, life years, and RTE.

Table 4.35. Cycleslife years, andoundtrip efficiency of CAES

Round-Trip
Cycles Life Years Efficiency Notes Source
10,000 25 65% May et al. (2018)
50% Diabatic system Aguino et al. (2014)
>30 >70% Adiabatic system EASE (2016)
>30 >70% Adiabatic system Aguino et al. (2014)
54% Gyuk (2012)
73% Dresser Rand (2018)
67.12% Li et al. (2016)
69% RTE based on heat rate of Black& Veatch(2012

4,910 Bu/kWh for CAES

4.3.10.4 Technology and Manufacturing Readiness Levels

Only two projects have been implemented in th8. ldnd internationallyandadditional projectsre
under developmenfs with PSH, CAES faces environmental restrictions when constructing the caverns
that will store the compressed air. Barriers for implementation have limited the development of projects
despite the fact that tlemmpressors and gas turbines used are considerectodiare technology
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(Aquino etal. 2018). For this reason, CAESy/stemsare considered to have a TRE7 and an MRLof
8, meaning that the system has been implemented but it is not as developad®amather
technologies. By 2025, CAES is expected to be TRL 8 and MRL 9.

4.3.11 Ultracapacitors

Ultracgpacitos aretypically paired with battery systems to provide and absorb pulse pamndthey

have extremely fast ramp rat8hechargeis stored in the auble layer on the electrodeydhence can

be released instantaneousliienneeded. According to Maxwell,developer and manufacturelr
ultracapacitors, when ultracapacitors are used in a hybrid battery system they are capable of performing
PV smoothingpeak shavingime shifting of energy and load following (Maxwell 20X§. The capacitor

used was rated at 277 kWKB/h andwas pa&ed with a 50 kW/300 kWh aqueous battery for solar

i ntegration at Duke EncepitajexgersdituR@ARPKX) andofmatng t at i on.
expenditure QPEX) savings over the battegnly option were estimated to bei 16 percentand

30 percentregectively.

An 800-kW system was used to aivb braking energy and provigeopulsion in the Southeastern
Pennsylvania Transportation System (SEPTA) for an average of 90 minutes per day, with each braking
event lasting 120 seconds (Maxwell 2048 The renaining timewas spent providing frequency

regulation to the grid operator (PJM). The power consumption savieigestimated to be 10

20 percentof the 400 MW used for propulsion, while the frequency regulatiovigied anannual

revenue of $200,000. A 3 MW, 17.2 kWh system is used at the Yangshan deep water port near Shanghai
to mitigatea 10- to 15-second voltage sag during crane operation (Maxwell 2018b). This resudted in

38 percentreduction in peak demand. The E#fo for this system is 20 seconds. The system design
assumption was 1 million cycles foj080 hous of operation for 10 years. A quick check shows that this
corresponds t0,680019,000 seconds for a 105 seondsper sag, and assumiagharge time equal tihe
discharge timéMaxwell 2018b)

Ultracapacitors typically have a long usable life while being relatively low cost in terms of maintenance.
Maxwell ultracapacitors have been used across a variety of applications including brake energy recovery
in the Sutheastern Pennsylvania Transportation Authority Light Rail System, mitigation of voltage sags
in Shanghai, and solar firming for the California Energy Commis$itaxell 2018b).

4.3.11.1 Capital Cost

Capacitors can consist of multiple cétt®dulesto scale tahe desired capacity range of a projectin a

way similar to electrochemical systems such as lithilorus energy provided detaddouttheir 250kW

DC capacitor and stated ththe entire system cost is $40Q corresponding to $160/k\(Colton 2018).
Given the lowspecificenergyandenergydensityof ultracapacitors, thegre not competitive on®kWh

basis with battery technologigdowever, on the $/kW power leyéhey are moreompetitive due to

their high specific power and poweensity Maxwell provided a cost of $24000 for a

1,000kW/7.43kWh system, while a,000 kW12.39 kWh system cost $4000(Garcia 2018)This
corresponds to3R,565kWh forthe 7.43 kWh system an®@%365/kWh for the 12.39 kWh systemvith

the $/kW increasing from $241/kW to $401/kW for fixed rated power as the energy increases from
7.43kWh to 12.39 kWh. While the energy content of the loxus system was not disclosed, their $160/kW
is on the same oe|t of magnitude as the Maxwell capacitor coStearly,becausehe power rating of

the system is kept constant e@d0 kW, the cost scales with energy, and the unit energy decreases very
slightly as energy increases.
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For individual cells and module$é ratio of energy density to power density was 0.001 hours or

3.6 secondgMaxwell 201&)). Maxwell proposec 60-secondduration as a potential use case for its
capacitorsThe cost estimates provided were for systems with durations of 27 and 45 s&bisdsrk
assumesanE/Pratio of 0.0124. The capital cost is $401/kW or $3B5kWh atanE/Pratio of 0.0124.

Note that assuming a maxum of 4.5Wh/kg, for 45secondstorage, the maximupower density is
360W/kg. Since ultracapacitors have a specifowyer of ~2000 W/kg, they have to be used at less than
rated power for durations >8 s, where 8 s is simply the ratio of 4 Wh/k§@6 2v/kg.In other words,

the $/actual usable power for large durations will be higher, while the $/kWh is expecteddoldats
around $3500/kWh

4.3.11.2 Fixed & Variable Operations and Maintenance Costs

Capacitors, unlike other energy storage devices, require very little maintéodeep theioperational
abilities over the entire duration of their usable life. thts reasn theirO&M costs are considered to be
so small to the point of being negligibk nominal fixed O&M cost of $1/k\Wyr, an order of magnitude
lower than battery storage O&M cosigs assigned to ultracapacitongth variable costs the same as
batteriesof $0.0003/kWh.

4.3.11.3 Cycles, Lifespan, and Efficiency

An attractive quality that capacitors are able to offer compared to ldogation storage units is their
long usable life. Capacitors are typically quoted as having a lifespan of at |g&str&Qvith sora
reaching as longs 40 years (Atmaja 201%yhich is only rivaled by some PSH plants. Atmaja (2015)
compares three different types of capacitors (Electric Double Layer Capacitor, &sqatmntor, and
Hybrid Capacitors) and states that all three arelam a 40year usable life and of achieving a

95 percentor higher RTE. Saha% Dwivedi (2009) place the usable life of supercapacitorsiat 25
30years, the RTE at 9%ercent and state that their power density is 10x greater than that of batteries.
Maxwell estimateshattheir ultrecgpacitorshawe a slightly shorter DC life of only 105 years butthey
arecapable of running for 1,000,000 duty cycles. Additional detailsifsp#o their 1,000 kW/7.4kWh
and 1000 kW/12.39 kWlisystens, state thatheir system$iavea response time under 16 milliseconds
>60MW/secondand hae a DC-DC RTE of % percentThe loxus system has a calendar life of/2@rs,
can sustain 1,000,0&ycles and has £#C-DC RTE of 98percent For this work, the capacitors are
assigned 1,000,000 cyclesl6-year calendar lifeand an AGAC RTE of 94percent

4.3.11.4 Technology and Manufacturing Readiness Levels

Capacitors have been implemented across anaiuge of projects like those described previously with
regard to Maxwell, demonstrating their effectiveness and maturity as a technology. For this reason they
are believed to have a TRL of 8 and an MRL of 9. These values are expected to be the same by the
year2025.
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50 Annuali zed Costs of Technol

While the individual technology cost and performance parameters outlined in Se6fwavide a

fundamental basis for evaluating the state of each technology individually and the predicted path forward
regarding maturity and capability, to be able to fairly and objectively aceriechnologies, these results

must be annualized. By conducting a pro foanalysis ofach of the technologies that incorporates
financing each storage project with applicable taxes and insurance over its usable life, a framework is
provided for compason.

51 Approach

To achieve a comparable annualized cost, technedpgyific findings for capital cost, BOP, PCS, C&C,

fixed O&M, and variable O&M were run through a pro forma that incorporates assumptions surrounding

the required costs of financing a prejever the duration of its expected life. This total loag revenue
requirement is then evaluated as an annualized payment in 2018 USD based on an assumed weighted cost
of capital for discounting.

The assumptions used in this analysis are providédlahe5.1.

Table 5.1. Proformaassumptions

Parameter Value
Discountrate/weighted cost afapital 7.6%
Annual O&M escalation rate 2.5%
Insuranceate 0.479%
Propertytax rate 0.56%
Federalkandstate income tax rate 24.873%
Annualenergy output 1,772,690 kWh

The assumptions listed Trable5.1were adapted from a battery storage project located in the Pacific
Northwest. It is believed that these are adequately representatitgpidad storage system within the
United States

Figure5.1 shows an example input for an energy storage technology using the parameters described in

Sectiond.0. These values are for the 2018 calculation for a sodgiufar battery with a usable life of
14 years.
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Figure 5.1. Exampleinputvalues forannualizd costcalculation fora sodiumsulfur battery

Using these inputs, the total net present va@iiV) of the total cumulative cost for tHeMW/4 MWh

storage system after tax, insurance, and other factors described is calcutefedttover$4 million, of

which nearly71 percentis CAPEX-based. Thigostis broken out into annualized payments ac84800

based on the discount rate described previously. From here, based on the system size, we can conclude
that sodiurssulfur has an anmlized cost o$121/kWh-yr that we can compare against other

technologies.

52 Findings and Comparative Anal ysi s

By conducting the annualization calculation described in the previous section we are able to compare
technologies laterally to get a better understanding of cost components and the economics of each system.
All annualizedcosts that were calculated fronigtiprocesgan be foundh the tablegpresentedn

AppendixD. Figure5.2 shavs the annualized $/kWyr for each of the battery energy storage
technolgiesbased on their usable lif&iven the nature of these storage assetenargycapacity based
cost comparison is used as opposeafowerbased oneThe resultshow thatheLi-ion batteryhas the
lowest total annualized $/kWh costagtproximatey $74/kWh of any of the battery energy storage
technologies. This is followed by zitgybrid cathode technologt $91/kWh-yr. The red diamonds that

are overlaid across the other results provide a forecessgtfbr each technology for the year 20@% a
$/kWh-yr basis Pumped storage, wheditionally compared oan energy basis, offered a very low cost
of $19kWh-yr using2018 values if compared to the battery storage technologies, as sheigareb.3.

Figure5.4 shows the results of the remaining Hoattery technologies, which have hesnnualized on a

$/kW power basis as opposed to a $/kWh energy basis. Of the technologies included, ultracapacitors are
the only technology that requires a PCS as part of its CAPEXRespite this, ultracapacitors offer the
lowest annualized $/kW cosf the technologies include@ompared to the other ndrattery storage
systemsPSH shows the highest cost on a $#Wasis of B08kW-yr.

Figure5.5 shows the comparison if all technologies are evaluated on ai/kasisLooking at the

results from this perspective shows that battery technologies are less economical when a storage
tecmology is being selected for a large power capability rather than energy. With thatnaoted
technologyandthezinc-hybrid cathode are only slightly highiercostthanflywheelson an annualized

$/kW basisFigure5.6 has been provided to show how Awmattery technologies that are of low cost on a
$/kW basis are of substantially higher cost when evaluated on a $/kWh basis. NBigutes.6 is

shown under a logcale and, therefore, ultracapacitors are approximately one hundred times as costly at
over$14,000/kWhyr thanbattery storage tedologies when observed under this scenario. Flywheels are
alsoof high costat approximately$3,000/kWhyr.
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